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I. INTRODUCTION 

Economic and reliable operation of gas turbines for industrial, 
commercial and military applications depends on long and predictable 
lifetimes for all components. The demands placed on materials in gas 
turbines include cyclic and sustained stresses and strains at high 
temperatures where corrosion processes are often a life-determining 
factor. The design and operation of light weight high performance jet 
engines represents a tremendous challenge to both designers and 
materials specialists. A recently published summary analysis^ made 
to determine the various causes of accidents and mishaps in the Air 
Force identified engine failures as the single most important cause of 
aircraft accidents/incidents. A breakdown of the causes for failure of 
engine components is shown in Figure 1. As can be seen, a significant 
number of failures are attributed to failure modes generally associated 
with the hot section (turbine) of the engine. 

It is possible to address each failure mode separately, but 
experience reveals that materials used for turbine components accrue 
damage having multiple character. Fatigue results from variations in 
the power requirements for flight profiles as well as from thermal 
fatigue caused by start-up and shut-down. On examining the temperature 
distribution for steady state operation of a turbine blade (Figure 2), 
it can be seen that temperatures on the order of 1000C are encountered. 
At these temperatures creep and corrosion are persistant modes of 
damage. 

Although a particular mode may be the major contributor to total 
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damage, it is usually a combination of modes interacting in a complex 
fashion that is ultimately responsible for failure' Hereafter, 
"High-Temperature Low Cycle Fatigue," HTLCF, will imply all damage 
mechanisms contributing to failure, not just pure fatigue. 

It is generally accepted that localized inelastic strain controls 
the life of components in a fatigue environment. Such strains usually 
occur in a fillet or a notch (Figure 3), and the failure mode is 
referred to as high-strain or low-cycle fatigue. A considerable amount 
of effort has been expended on relating fatigue life to inelastic 
strain and other appropriate parameters. The Coffin-Manson rela- 
tionship was the first such attempt. Many of the fatigue-life laws 

formulated thereafter represent some modification of the Coffin-Manson 
equation. Most are emperical equations based on satisfying a best 
correlation with laboratory test data. Some are based on a mathemati- 
cal description of assumed damage mechanics. Design of critical gas 
turbine components requires confidence in predicting HTLCF behavior of 
materials beyond laboratory testing experience. Confidence in any 
fatigue-life predictive methodology must be founded on a knowledge of 
actual damage mechanisms. Beginning with an observed damage mechanism, 
a model is constructed and a fatigue-life law is formulated incorporating 
all parameters in the same manner that they relate to the damage pro- 
cess. 

It is the objective of this research to investigate damage mecha- 
nisms in HTLCF of Rene" 80 and IN 100 and to relate such observations 
and analysis to fatigue life. 
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II. LITERATURE REVIEW 


A. Physical and Mechanical Metallurgy of Nickel -Base Superalloys 
It is appropriate to review some salient features of nickel- 
base superalloys in general to provide a background for the discussions 
which will follow. Several good reviews^ - ^ which will serve as a 
basic reference are available in the literature. 

The aircraft jet engine industry has* progessed through impro- 
vements in the high temperature capability of nickel-base superalloys. 
The mainstay of the nickel -base superalloys are those with at least 40 per- 
cent Ni and are of the Al-Ti age-hardening type. In these alloys, Cr is 
present to provide oxidation resistance along with some auxiliary 
strengthening of the matrix. Other elements are also present to provide 
solid solution streng thing of the matrix. The major part of the 
strengthening at high temperatures, however, is due to the precipitation 
of the ordered gamma prime phase, y' , generally as Ni^Al.Ti). 

In many alloys there are elemental additions such as B and Zr 
to improve high temperature creep properties and/or fabricabil ity. 

Physical properties of interest include: melting range, den- 

sity, dynamic modulus, thermal conductivity, and thermal expansivity. 
Mechanical properties of interest include: high temperature tensile, 

creep rupture properties and mechanical and thermal fatigue resistance. 
Other parameters such as weldability, machineabil ity, formability, hard- 
ness, oxidation resistance and resistance to various corrosive media 
play an important role in the selection of an alloy for a given applica- 
tion. Unfortunately no single alloy embodies the optimum of all 
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properties; therefore, a compromise is usually required. 

1. Physical Properties 

One very useful property of nickel -base superalloys is 
the retention of very high strength levels at large values of the ratio 
- operating temperature/alloy melting point - known also as the homolo- 
gus temperature. Homologus temperature is often used to specify regimes 
of material behavior. 

Density is a design consideration. In conjunction with 
the pressure from hot expanding gases in a jet turbine, rotating com- 
ponents must support the centrifugal forces caused by their own mass. 

Dynamic modulus relates stress to time independent 
strain. It is an important parameter in calculations of clearance and 
stress. 

Thermal conductivity and thermal expansivity are familiar 
parameters which take on special significance in jet turbine design. 
Adequate clearance must be allowed to permit unobstructed expansion of 
all components. Thermal conductivity and thermal expansivity are the 

principal determiners of thermal stresses and thermal fatigue behavior. 
A material with a high thermal conductivity and low thermal expansivity 
is most desirable. 

2. Chemical Properties 

Phase stability is an important consideration for nickel - 
base superalloys since basic property data (short term) is used to pre- 
dict their in service behavior (long term). Many such considerations 
are thermodynamic in nature, but not only so. Most observed degradation 
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processes, although thermodynamically favorable, proceed only (or at a 
much accelerated rate) under stress and/or attending deformation. 

During operation, gas turbine components are subjected to 
oxidation and hot corrosion. Hot corrosion is a form of accelerated 
oxidation in atmospheres containing sulphates, sodium salts, halides, 
vanadium and lead oxides, all of which can be found in fuel burning 
systems. Nickel forms a low melting point eutectic with nickel sulphide 
and hence, in sulphur-bearing gases, attack of a nickel -base alloy sur- 
face is rapid and drastic. Nickel -base superalloys rely on the for- 
mation of surface films of AlgO-j and CrgOg for high temperature surface 
protection. Mechanical and thermal cycling, however, can crack and 
spall these protective oxide films and expose clean unprotected metal 
for further attack. Superalloys are sometimes used in a coated con- 
dition, but such coatings possess poor mechanical strength and crack 
under high strains. 

3. Mechanical Properties 

Components in a jet turbine are designed to operate below 
yield stresses. However, tensile properties of nickel-base superalloys 
may degrade after long hours of service. This reduction in properties 
must be anticipated in design. 

When an alloy undergoes permanent plastic deformation 
under stress, the amount of deformation being a function of time, it is 
said to creep. Such permanent deformation is important for two reasons. 
When calculations for clearances are made, account must be made for 
dimensional changes of creeping components. Creep is a failure mode 
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which may limit the safe life of a component. 


Thermal and mechanical fatigue may be the most important 
properties in view of the consequences but are also the most difficult 
to predict from test data. The basic property to be understood is high- 
temperature low-cycle fatigue behavior. 

4. Strengthening Mechanisms in Nickel -Base Superalloys 

If the fullest capabilities of nickel-base superalloys 

are to be realized, it is important that the basic factors controlling 

the mechanical properties be understood. R. F. Decker of International 

Nickel Company has assembled an excellent review of this subject ^® \ 

Some important aspects of this review will be summarized here. 

The nickel matrix, y, alone is not inherently endowed 

with a high temperature capability in agressive environments, but when 

combined with other elements, alloys can be utilized to 0.8 T^ (melting 

point) and for times up to 100,000 hours at somewhat lower temperatures. 

This endurance must be attributable to the high tolerance of Ni for 

alloying without phase instability and, with Cr additions, the tendency 

to form Cr 2 0g - rich protective scales. 

Sol id- solution elements in y are Co, Fe, Cb, Cr, Mo, Ta, 

W, V, Ti , and Al^ 9 " 11 ^. These elements differ from Ni by 1 to 13% in 

atomic diameter and 1 to 7 in N y , the electron vacancy number. 

Hardening has been related to this atomic diameter oversize as measured 

(12 13) 

by lattice expansion * An additional effect can be attributed to 
the lowering of stacking fault energy by these high N v elements^ 4 ’^ 5 ^. 
The lowering of stacking fault energy by alloying elements would make 
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cross-slip more difficult in y. Above 0.6 Tm, the range of high tem- 
perature creep, y strengthening is diffusion dependent. The slow- 
diffusing elements. Mo and W, would be expected to be potent 
hardeners^ 16 \ 

Nickel -base superalloys owe much of their high tem- 
perature capability to the presence of the y' precipitate. The com- 
patibility of crystal structure and lattice constant ( ^ 0-1% mismatch) 
with y allows homogeneous nucleation of y' with low surface energy and 
long time stability. y' contributes strength to the y- y' alloy by 
anti -phase boundary (APB) as well as in the conventional precipitate- 
matrix fashion. For small sizes, dislocations cut the y‘ precipitates. 
Beyond a certain y' particle size, by-passing will occur by either 
looping or dislocation climb. Several basic factors contribute to the 
magnitude of hardening: anti-phase boundary (APB) and fault energy of 

y‘, y strength, y' strength, coherency strains, volume percent y', 

particle size of y’, diffusivity in y and y' and, possibly, y-y' 

(17 18 ) 

modulus mismatch. All of these factors are not additive ’ 

Above about 815°C, y' ripens making dislocation by- 
passing easier and consequently reducing the flow stress of the 

( 1 Q \ 

material' . Despite the tolerance of the nickel base for heavy solid- 
solution and y* strengthening, a limit exists beyond which undesirable 
phases precipitate. y' can degenerate to n or Ni^Cb with an attending 
degradation of strength. Sigma, an electronic compound, can precipitate 
in the temperature range of 650C to 925C, especially under stress. 
Sigma is inherently brittle and often precipitates in a platelike form. 
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Both of these factors contribute to a reduction in mechanical proper- 
ties. The occurrence of sigma phase can be predicted through electron 
vacancy number calculations, of the residual matrix^®^. 

A common form of creep damage is grain boundry sliding. 
In nickel -base superalloys, advantage is taken of discontinuous carbides 
which enhance grain boundary irregularity and impede sliding. The com- 
mon classes of carbides in nickel-base superalloys are MC, M 2 3 C 6 5 
CryCg and MgC.^ MC usually takes a coarse random cubic or script 
morphology. shows a marked tendency for grain boundary forms. At 

760C to 870C, nearly continuous platelet forms predominate while at 980C 
more blocky and less continuous types are found. MgC can precipitate in 
blocky form in grain boundaries and in Widmanstatten intragranular form. 
It is apparent that continuous grain boundary M 23 C 6 and Wi dmanstatten 
MgC are to be avoided for best ductility and rupture life. 

Control of grain size and shape are a primary con- 
sideration in the treatment of nickel -base superalloys for high tem- 
perature service. Since creep damage generally accrues at grain 

boundaries, improved properties can be realized in large grained struc- 
tures. Cast superalloys have also exhibited increased rupture life and 

creep resistance with increased component- thickness to grain-size 
f 1 

ratio' . It is special control of grain structure, that is, direc- 
tionally solidified and single crystal forms, which promises further 
progress in the high temperature capabilities of nickel -base 

superalloys. 
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B. Damage Mechanisms in High-Temperature Low-Cycle Fatigue 

Many nickel -base superalloys were developed for critical com- 
ponents of gas turbines. Experience has shown that these components are 
LCF - life limited (<10^ cycles). The inelastic strains which give rise 
to this failure mode result from stress concentrations in component 
geometry and thermal cycling caused by start-up and shut-down. A report 
compiled by Oak Ridge National Laboratory (ORNL) entitled "Time 
Dependent Fatigue of Structural Alloys"^ 2 ^ is a comprehensive reference 
of this general subject. Review papers which address damage mechanisms 
in nickel-base superalloys more specifically are also available in the 
1 iterature^ 2 ^ 30 ^. 

The multiplicity of HTLCF damage has been recognized by 
investigators^ 1 ^. The expression "creep- fatigue-environment 

interactions"^ 30 ^ is broadly accepted in recognition of the complex, 
interdependent nature of damage which occurs in nickel-base superalloys 
in service and in laboratory tests. Each of these modes of damage can 
be quite serious when considered separately, but when all are operative 
in HTLCF, their interaction generally effects an increased rate of net 
damage accumulation. 

In the high strain regime of HTLCF, it is commonly observed 
that cracks nucleate very early in cyclic life, often during the first 
cycle.^ 2 ^ Regardless of the strain level, propagation is at first 
(competitive) among the many heterogeneously nucleated cracks until one 
or more dominate or coalesce, leading to final failure. Damage mecha- 
nisms in HTLCF, therefore, are those processes which contribute to the 
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initiation and subsequent propagation of these cracks. 


Several topics of importance to damage mechanisms in HTLCF 
will be explored. Each topic will be introduced and discussed in a 
general way followed by specific references to investigations presented 
in the literature which demonstrate some pertinence to the present work. 

1 . Deformation Behavior 

Nickel -base superalloys accommodate the inelastic strains 
of cyclic deformation in two ways; by heterogeneous motion of disloca- 
tions on very few slip planes, planar slip, or in a more homogeneous 
fashion on a greater number of slip planes, wavy slip. Understanding 
the prevailing slip character is essential to understanding the various 
fatigue cracking modes and their dependence on variables such as tem- 

/ OQ \ 

perature and strain rate' . 

Planar slip is favored by a low stacking fault energy, 
ordering, the presence of coherent precipitates, low temperatures (< 0.4 
T ), small strains, and high strain rates. Cyclic strain reversals are 
repeatedly accommodated in planar arrays called persistent slip bands, 
PSB . These planes accumulate damage (dislocation debris) until decohe- 
sion between planes results. Such PSB cracking occurs between planes of 
greatest resolved shear stress (that is at approximately 45° to the 
principal stress axis) and appear as intrusions and extrusions on the 
material surface. This initial stage of fatigue cracking is called 
Stage I cracking. After these Stage I cracks develop, their propagation 
is often redirected normal to the principal stress axis. 

Wavy slip is favored by high stacking fault energy, inco- 
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herent precipitates or particles, high temperatures (> 0.4 T ), large 
strains and low strain rates. The principal requirement for wavy slip 
is the ability for dislocations to change glide planes. This can be 
accomplished by cross-slip or dislocation climb. Both require thermal 
activation and therefore wavy slip is more prevalent at high tem- 
peratures. Climb and cross-slip are time- dependent processes, so the 
nature of deformation will be strain rate or frequency dependent. 
Fatigue cracking under wavy slip conditions can occur in two modes; 
transgranul ar cracking perpendicular to the principal stress axis which 
is called Stage II fracture, or intergranular cracking. 

Gel 1 and Leverant^ 32 ^ observed Stage I fatigue cracking 
in the nickel -base superalloy, Mar-M2QQ. They proposed a model to 
explain results based on weakening of the cohesive energy of the active 
slip planes by reversed shear deformation and the fracture of bonds 
across the weakened planes by the local normal stress. 

Gel 1 and Leverant' ' also studied the influence of tem- 
perature and cyclic frequency on the fatigue fracture of single crystals 
of Mar-M200. Except for the lowest frequency at the higher temperature 
where creep damage was extensive, crack initiation occurred at subsur- 
face microporosity. Cracks initiated and propagated in the Stage I mode 
at the lower temperatures and higher frequencies, whereas Stage II crack 
initiation and propagation was found at the higher temperatures and 
lower frequencies. 

( 34 1 

Fournier and Pineau' ' investigated the low-cycle fati- 
gue behavior of Inconel 718 at 25C and 550C. Electron microscopy showed 
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that precipitates were sheared in the course of cyclic straining and 
that plastic deformation proceeded by the propagation of planar bands. 
These bands were identified as twins. Cracking was generally initiated 
along the interfaces between these twin bands and the matrix, but at 
elevated temperatures and low stain rates, intercrystall ine cracking 
took pi ace as wel 1 . 

( 35 1 

Merrick found the low-cycle fatigue crack initiation 
in three wrought nickel -base alloys at 538C to be of classical Stage I 
type and also at favorably oriented twin boundaries. 

Menon and Reimann^ 38 ^ studied low-cycle fatigue crack 
initiation in Rene / 95 at temperatures up to 650C. Very high resistance 
to LCF cracking was attributed to the homogeneous deformation charac- 
teristics of necklace Rene 95. The dislocation substructure in the 
warm-worked grains seemed to be very effective in dispersing slip 
thoughout a grain, thus forcing the material to deform homogeneously. 

Wells and Sullivan^ 37 ^ found deformation of Udimet 700 at 
927C to be more homogeneous than at 760C, consequently the lifetime was 
greater at the same value of plastic strain range. 

Antolovich et. al/ 38 ^ studied the LCF behavior of Rene' 
80 at 871 C as affected by prior exposure at 982C, either stress free or 
at 1/3 the yield. The prior exposure caused significant microstructural 
changes and life reductions which were most pronounced for stress 
exposed specimens tested at high strain rates. Dislocation substruc- 
tures were extensively studied. A similarity of slip mode was found for 
all conditions indicating that a difference in life could not be attri- 


12 



buted to basic differences in the plastic deformation process. 

Additional references' 39 " 41 ^ pertaining to the role of 
deformation mode on high temperature fatigue behavior are available. 

2. Transgranul ar Crack Initiation 

One predominant mode of transgranul ar crack initiation 
has already been discussed, that is cracking of persistent slip bands, 
Stage I cracking. It is generally observed up to about 0.4 at ordi- 
nary strain rates but to higher temperatures at very high strain rates. 
Initiation frequently occurs at microstructural defects. In cast 
nickel -base superalloys, these defects can be found intragranul arly. 
They include casting pores and nonmetallic inclusions. MC carbides are 
often present in platelet form and contain pre-existing cracks. Any 
carbides present at the material surface provided a site for localized 
oxidation with subsequent crack initiation. Transgranul ar cracks may 
also initiate at stress concentrations resulting from cracks in a sur- 
face oxide layer or coating. 

The tendency for Stage I - type transgranul ar cracking is 

well documented by the cases previously cited. 

f 3? 42 1 

Gel 1 and Leveranv * ' have observed matrix slip and 
crack initiation to occur at precracked MC carbides and to a lesser 
extent at micropores in Mar-M200. Fatigue lives were greatly affected 
by the size of preexisting cracks in MC-type carbides contained in the 
microstructure. 

Menon and Reimann^ 361 , in their study of crack initiation 
in Rene 95, found the number of cycles to produce crack initiation to be 


13 




strongly affected by brittle constituents of the microstructure such as 
MC carbides. It was found that the specimens that had shorter lives 
were characterized by MC carbide cracking at the site of crack ini- 
tiation, whereas those which had longer lives under the same conditions 
of loading and temperature were characterized by only slip band cracking 
with no evidence of MC carbide cracking or decohesion in influencing the 
initiation. 

Coffin^ 43 ^ has noted crack initiation at oxidized car- 
bides at the surface of Inconel 718 tested in air at 850C. 

3. Intergranular Crack Initiation 

Intergranular cracking is a mode of damage generally asso- 
ciated with creep. For a given alloy, the creep component during HTLCF 
increases with increased temperature, maximum stress, mean stress, hold 
time, and with reduced frequency. Cracking may initiate below the 
material surface. Triple point or wedge cracks are favored by high 
stresses and relatively low temperatures. Cavitation is a common grain 
boundary damage mechanism. It is favored by low stresses and high tem- 
peratures. Cavities, if present, can be found on grain boundaries with 
high resolved shear stresses. They are also generally associated with 
grain boundary particles or carbides because of the high shear stresses 
developed at those locations. Intergranular cracks can initiate at the 
interface between second phase particles residing at the grain boun- 
daries and the adjacent grains. 

Most intergranular crack initiation can be related to 
environmental degradation of the grain boundaries. These cases will be 
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studied 


( 44 ) 

discussed in the next section. However, Wells and Sullivan 
the effect of temperature on the LCF behavior of Udiment 700 and 
concluded that observations of interior sections support a contention 
that the transition to intergranul ar crack initiation with increasing 
temperature originates from mechanical rather than chemical processes. 
This appeared to result from the lack of mechancial constraint normal to 
the surface in conjunction with reduced grain boundary strength^). 

Gell and Leverant^ 42 ^ found intergranul ar crack ini- 
tiation and propagation in conventionally - cast Mar-M200. In columnar 
- grained Mar-M200 crack initiation occurred on short transverse 
segments of grain boundaries but crack propagation was transgranul ar. 

Wells and Sullivan^ 46 ^ proposed interactions between 
creep and low-cycle fatigue in Udimet 700 at 760C to take the form of 
cavitation at grain boundaries. It was surmised that the high internal 
stresses associated with both creep and plastic deformation are attri- 
buted to the pileup of dislocations at grain boundaries. It was postu- 
lated that the pileup of dislocations is relaxed by cavitation and that 
the rate of deformation is governed by the growth of these cavities as 
they annihilate dislocations. These cavities were observed to be a 
source of intergranul ar cracking in creep and low-cycle fatigue. 

More recently Min and Raj^ 4 *^ have proposed that grain 
boundary cavitation can account for hold- time effects. The nucleation 
of cavities is stress and time dependent. It can be aided by grain 
boundary sliding provided a certain type of cycle is applied to the spe- 
cimen. The cycle should be unsymetrical in such a way that the tension 
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hold period is longer than the compression hold period. 

4. Environmental Damage 

The deleterious effect of a gaseous environment on 
nickel -base superalloys has already been discussed. Damage is a result 
of oxidation which may have a variety of influences on the mode and rate 
of fatigue cracking. As mentioned previously, stress concentrations 
resulting from cracks in a surface oxide layer will serve crack 
initiation. Cyclic deformation accelerates environmental attack by 
repeatedly rupturing potentially protective oxide films. It is there- 
fore obvious that the mechanical properties of the oxide layer will 
affect fatigue life. Nonmetallic inclusions present in the alloy may 
intersect the surface. These phases may be easily oxidized and hence 
provide sites for crack initiation. Grain boundaries are particularly 
susceptable to environmental attack because of the presence of easily 
oxidized carbides as well as providing an easy diffusion path. Once 
initiated, the rate of crack advance is also affected if not controlled 
by the oxidation process. Oxidation may preceed the crack tip even 
depleting the alloy of easily oxidizing elements in a localized region 
around the crack tip. One possible beneficial effect can result from 
the oxidation process blunting the crack tip and slowing crack advance. 

Coffin^ 8 ^ recognized cycl ic- strain induced oxidation of 
high temperature alloys in his early investigations. An explanation of 
the observed effects was based on localized and reversed grain boundary 
deformation, leading to repeated rupture of the protective oxide film, 
and accelerated oxidation in the region of deformation. 
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In cast Udimet 500 subjected to high- temperature low- 
cycle fatigue (McMahon and Coffin^h, localized oxidation at grain 
boundaries played an important role in crack nucleation and propagation. 
Evidence was presented of a surface ridging and pronounced grain boun- 
dary penetration due to oxidation, a denuded y 1 zone adjacent to the 
oxide, and cracking of the oxide. The ridging was selective and pre- 
sumed to occur on those boundaries where high stress exists. The pheno- 
menon was veiwed as analogous to stress-corrosion cracking. 

Most alloys when tested at elevated temperatures under 
cyclic loading conditions which include hold times usually exhibit a 
lesser fatigue resistance in terms of cyclic life if the hold is in ten- 
sion rather than in compression. However, Teranishi and 

McEvily^ 50 ^ found that a compression hold can be more damaging than a 

* 

tension hold for 2 1/4 Cr-lMo steel. The reason for the effect of hold 
time on cyclic life can be related to the behavior of the oxide imme- 
diately after the hold period. After a tension hold the oxide spalls to 
produce a new surface which, at least in the early stages of the test, 
does not contain macroscopic cracks. On the other hand, after a 
compression hold the oxide cracks rather than spalls, thereby creating 
localized stress and strain concentrations which facilitate the early 
nucleation of fatigue cracks. 

Low-cycle fatigue tests on A286 by Coffin et. a -| .(51,52)^ 
which covered a frequency range of 5 to 0.1 cpm, have shown a pronounced 
frequency dependence when the tests were run in air. In contrast, tests 
run in a vacuum did not show such a frequency effect. It was concluded 
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that, in the prescribed frequency range, environmental effects were 
responsible for the frequency dependence. 

In studying the effect of frequency on HTLCF of cast Rene 
(531 

80 at 87 1C Coffin v ' found, in all cases, crack nucleation to be 
intergranular with oxide ridging to be the responsible mechanism. 
Propagation, on the other hand, was transgranul ar for all frequencies 
considered. This transgranular crack propagation is believed to account 
for the frequency insensitivity found at high strain and short lives, 
through crack tip blunting due to oxidation with decreasing frequency. 
This transgranular characteristic acts to enhance the high strain, low 
frequency, and hold time fatigue resistance of Rene 80. 

Antolovich et. a i .(3,38,54) concluded from work on Rene*^ 
80 and Rene 77 that LCF damage at elevated temperature is primarily in 
the form of oxidation or oxide penetration along surface connected boun- 
daries. A crack is said to initiate at a critical degree of boundary 
penetration. 

Menon^ 5 ^ found that the inherent creep strength of Rene / 
95 can be realized only in vacuum and that the presence of an oxidizing 
environment caused premature fracture of creep specimens due to oxida- 
tion and accompanying surface cracking. Fracture in the air environment 
resembled stress corrosion with one single crack being responsible for 
the final failure. His observations indicate that oxidation enhances 
crack nucleation and propagation at grain boundaries. 

/ ec \ 

Dennison et. al . ' found a similar behavior for cast IN 

100. Fracture occurred by propagation of surface nucleated cracks. 


18 



Udimet 700 was tested in static tension at 927C by Chaku 
and McMahon. An air environment decreased rupture life and duc- 
tility, except in very coarse-grained cast specimens, because of prema- 
ture failure by stress- assisted grain boundary oxidation and cracking. 
In very coarse-grained cast specimens greater life and ductility were 
found in air than in vacuum, presumably due to the paucity of transverse 
grain boundaries and to some type of surface hardening effect. 

5. Coatings 

In view of the foregoing discussion, it is apparent that 
the environment plays an important role in initiation of fatigue cracks 
at high temperatures. Improved resistance to HTLCF can be expected if 
oxidation resistant coatings are applied to nickel-base 
superalloys.^) The use 0 f nickel-al uminide coatings on gas turbine 
engine blades and vanes that operate above 81 5C is one example. The 
application of a coating to the surface of a material can have a number 
of effects relevant to the fatigue properties of the coating-substrate 
composite: (1) the deformation behavior of the substrate may be changed 
because of the presence of a surface layer having a different elastic 
modulus and yield strength from that of the substrate; (2) as long as 
the coating is sound, oxygen is kept away from the substrate and the 
effects of oxygen absorption and gross oxidation are eliminated; and (3) 
since the coating is at the surface, the fatigue properties of the 
coating in a gaseous environment become important. If the fatigue pro- 
perties of the coating are better than that of the substrate, increased 
life may be expected. On the other hand, if the fatigue properties are 
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poorer than the substrate, cracks in the coating will serve as surface 
notches and as paths for oxygen to reach the substrate. Reduced fatigue 
life of the composite would then be expected. Coatings frequently are 
more brittle than the substrate, so it is important that the maximum 
strain in the fatigue cycle does not exceed the fracture strain in the 
coating or else cracking of the coating will occur in the first tensile 
cycle. 

Wells and Sullivan studied the HTLCF behavior of 
coated Udimet 700 at 927C. They found an aluminide coating eliminated 
intergranul ar crack initiation in the adjacent substrate and tended to 
crack at pit-like defects at the free surface. A significant increase 
in life was obtained by coating. Smoothing the coating improved life 
further. The importance of understanding the unique 

compositional /microstructural /mechanical nature of a coating in 
achieving optimum thermal fatigue resistance for high- temperature 

/ CO \ 

materials has been recognized.' ' 

C. Crack Growth Under Creep and Fatigue Conditions 

Damage mechanisms in HTLCF, have been defined as those pro- 
cesses which contribute to the initiation and subsequent propagation of 
cracks. Propagation of cracks may constitute a significant portion of 
cycles or time to failure in a laboratory test. There has been con- 
siderable research into the propagation of cracks in elastic bodies. In 
this case the familiar Paris equation generally applies. It relates the 
crack advance in a cycle to the stress intensity range at the crack tip. 
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[ 1 ] 


da = C( a K) m 
dN 

where AK = Stress intensity range 
C,m = constants 

In the case of the HTLCF, cracks must propagate through a body 
experiencing both elastic and inelastic strains. There have been a few 
investigations in this general area. Also, studies of "creep crack 
growth" behavior using FCP type specimens loaded statically are relevant 
to HTLCF crack propagation, particularly if hold times are involved. 
Crack growth per cycle or per unit time has been related to; stress 
intensity, energy integral (J-integral ) , energy rate integral 

( C*-integral ) , inelastic strain range, crack opening displacement (COD), 
crack tip opening displacement (CTOD) and net section stress. There has 
been noted in all cases a threshold value of the driving force parameter 
required to effect crack advance. 

Several attempts (59-64) have been mac j e tQ measure (_cf 
crack propagation rates of different alloys in the fully plastic regime 
under controlled plastic strain amplitudes. Some of these test results 
show that fully plastic fatigue cracks usually grow by a Stage II mode 
and that growth can be represented by the following equation: 

da = A( A O a a [2] 

dN p 

where ae = plastic strain range 
a = crack length 
A, a = constants 

The same equation was used in a theoretical model of fatigue crack 
growth derived by Tomkins.^ 65 ^ 
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Huang and Pelloux^ 66 ^ studied fatigue crack propagation in 
Hasten oy-X in air, at 25C and at 760C under controlled plastic strain 
amplitudes in the fully plastic LCF regime. It was found that da/dN = 
A( &£p) a a is only an approximation of the more general equation da/dN 
* B( A j ) ot . it was shown that the theoretical models predicting LCF 
lives by integrating the fully plastic crack growth rates will be in 
error if the (da/dN, AJ) relationship is not used. 

Although quantitative studies of crack growth rates in plastic 
fields are few, much HTLCF behavior is related to crack propagation in 
qualitative terms. 

The work of Gell and Leverant^ 2 ^ on the HTLCF of Mar-M20Q at 
760C and 927C has already been referred to. The LCF lives of the colum- 
nar grained and single crystal materials were similar at both tem- 
peratures and were one to two orders of magnitude greater than those of 
conventionally-cast material. The variations in the fatigue lives among 
the three forms of Mar-M2QQ were related to the more rapid rate of 
intergranular crack propagation compared to that of transgranul ar propa- 
gation. In conventionally-cast Mar-M200, cracks were initiated in grain 
boundaries and crack propagation occurred rapidly along an almost con- 
tinuous grain boundary path. In the columnar grained material, crack 
initiation occurred on short transverse segments of grain boundaries, 

but crack propagation was transgranul ar. 

( 29 ) 

Woodford and Mowbray studied the effect of material 
characteristics and test variables on the thermal fatigue behavior of 
several cast superalloys. Coarser grain size specimens had reduced 
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crack propagation rates. Taken in conjunction with the results from a 
directionally solidified specimen, it was concluded that in the range of 
test conditions studied, slower solidification leads to reduced thermal 
fatigue crack propagation rates. In all cases it was shown that 

cracking was principally interdendritic. 

Solomon^ 8 ^ investigated the frequency dependence of LCF crack 
propagation in A286 at 593C. He found that dividing the frequency range 
studied into two regimes provided a better correlation with crack growth 
rates. It was surmised that the existence of more than one frequency 
regime reflects the Influence of more than one time dependent phenome- 
non. Non- environmentally controlled time dependent processes are 

believed to control the lowest frequency regime, while environmental 
factors become dominant at higher frequencies. 

Waring^ 68 ^ has extended some of the crack propagation models 
to account for strain hold periods. Data obtained on three austenitic 

stainless steels show good agreement with predictions and confirm that 

the reduction in fatigue endurance for cycles containing hold periods at 
the maximum tensile strain can be explained in terms of the interaction 
between the creep damage formed during periods of stress relaxation, and 
the steadily advancing fatigue crack. Under these conditions a satura- 
tion in fatigue life occurs with increasing hold period. 

Sandananda and Shahinian^ 88 ^ investigated crack growth beha- 
vior under creep- fatigue conditions in Udimet 700 using compact tension 
specimens. The crack growth data were analyzed in terms of the stress 
intensity factor as well as the J -integral parameter. Crack growth 
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behavior was shown to depend on the initial stress intensity level and 
the duration of hold- time at the peak load. For stress intensities that 
are lower than the threshold stress intensity for creep crack growth, 
the crack growth rate decreases with increase in hold time even on a 

cycle basis to the extent that complete crack arrest could occur at pro- 
longed hold times. This beneficial creep-fatigue interaction is attri- 
buted to the stress relaxation due to creep. For stress intensities 
greater than the threshold stress intensity for creep crack growth, the 
growth rate on a cycle basis increases with increase in hold time. For 

conditions where there is no crack arrest, the crack growth appears to 

be essentially cycle-dependent in the low stress intensity range and 
time dependent in the high stress intensity range. Both the stress 
intensity factor and the J-integral were shown to be valid only in a 

limited range of loads and hold times where crack growth rate increases 
continuously. 

Sadananda and Shahinian^ 70 ^ also compared creep crack growth 
behavior in Udimet 700 to that in Alloy 718 determined earlier/ 71 ^ The 
results showed that the crack growth rates in Udimet 700 were signifi- 
cantly lower, the threshold stress intensity for crack growth was 
larger, the temperature sensitivity of the growth rate was smaller, and 
the creep life was much longer than those in Alloy 718. These differen- 
ces were attributed to the difference in the mechanisms of the crack 
growth in the two alloys. In Alloy 718, the crack growth was presumed 
to be due to two competing processes ; a grain boundary diffusion pro- 
cess which contributes to the crack growth, and a creep deformation pro- 
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cess which retards the growth. In Udimet 700 it was presumed that the 
crack growth occurs as a result of deformation which nucleates voids or 
cracks at the grain boundary junctions ahead of the main crack and of 
the joining of these cracks to the main crack. As a result, the crack 
growth rates were significantly lower than those due to the grain boun- 
dary diffusion controlled process. 

( 72 1 

Ellison and Sullivan evaluated Udimet 700 under combined 
creep and fatigue conditions. They found early initiation of intergra- 
nular surface cracks, formed by a static creep process, and their sub- 
sequent transgranul ar propagation in fatigue due to the alternating 
1 oad. 

Jones and Tetelman^^ have characterized the elevated tem- 
perature static load crack extension behavior of type 304 stainless 
steel. Crack extension rates obtained as a function of temperature over 
the range 650C to 800C and as a function of specimen geometry at 750C 
were correlated with both net section stress and the apparent stress 
intensity factor. The results indicated that the stress intensity 
correlation is strongly dependent on specimen geometry, whereas the net 
section stress correlation appears to be generally valid. A direct 
correspondence between crack extension and local (crack tip) displace- 
ment was noted when creep crack extension rates at 750C were compared 

with COD obtained from actual castings of the crack tip. 

(74) 

Van Leeuwen was successful in applying fracture mechanics 
to creep crack growth. He found that: (1) Creep crack growth rates 

correlate with stress intensity only for creep brittle materials. They 


25 



correlate better with net section stress for creep ductile materials. 
(2) Creep crack growth rates correlate with CTOD rate, but the applica- 
tion of this relationship to design is difficult because accurate calcu- 
lation of CTOD rate is in itself a formidable problem. (3) Creep crack 
growth rates correlate with the energy rate integral, C*, which is an 
adaptation of the J -integral involving substitution of strain rates and 
displacement rates for strains and displacements. This method holds 
great promise for design calculations, because C* can be calculated 
using finite element analysis, as well as measured in constant displace- 
ment rate test. 

The role the environment plays in crack propagation is not 
easily quantified. Air is usually an agressive environment and may 
cause large increases in crack growth rates. At this time it is not 
clear whether environmental effects are rate controlling, or whether 
plastic deformation processes near the crack tip are rate controlling 
with some modification due to the environment.^ 75 ^ 

D. Role of Cycl ic ‘Stress-Strain Response in HTLCF 

Fatigue damage results from cyclic stresses and strains 
whether they be mechanically or thermally induced. A laboratory test is 
performed under prescribed conditions of stress and/or strain. In some 
tests a fixed stress program is imposed and the resulting strain 
response is monitored. The stress response is identical for every cycle 
of the test and the strain response changes as it may to reflect 
metallurgical changes and damage processes. In the case of HTLCF 
testing, a fixed strain program is usually imposed and the resulting 
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stress response reflects metallurgical changes and damage processes. It 
is sometimes useful to impose both stress and strain control as is the 
case with cyclic creep rupture testing. (Both stress and strain should 
be monitored continuously during any test). 

Cyclic stress and strain are the causes of fatigue damage but 
are quite often used as a measure of damage. Stress and strain parame- 
ters often show good correlation with cyclic life as is the case with 
the Coffin-Manson equation. This should be qualified. HTLCF damage has 
been used as a general term for those physical processes which degrade 
the mechanical integrity of a material subjected to cyclic stresses and 
strains at high temperatures in a gaseous invironment. It is because 
cyclic stress and strain are the necessary driving force for fatigue 
damage processes and an accelerator for those attributed to environmen- 
tal effects that stress and strain can be related to damage and, there- 
fore, cycles to failure of a test specimen or component. Any change in 
the damage driving parameters (i.e. stress, strain, temperature) will 
change the nature, quantity and/or rate of damage accumulation. 
Procedures for calculating fatigue life should be based on a knowledge 
of damage mechanisms accounting for the driving parameters in the same 
way that they are known to affect damage mechanisms. It should be 
pointed out that, the greater is the maximum tensile stress, the smaller 
will be the damage (crack, "oxide spike", etc.) required to cause 
separation of a specimen or component. 

Specific references to appropriate literature have already 
been made in previous sections. 
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E. Methods for Life Prediction 

A case for mechanistically based life prediction methodologies 
for HTLCF has already been made. However, most recognized "fatigue 
laws" are empirical equations based on satisfying a best correlation 
with laboratory test data and incorporate damage driving parameters in 
an appropriate manner. A few of these fatigue laws will be reviewed. 

1 . Coffin-Manson Equation 

The first fatigue law proposed to relate fatigue failure 
to imposed inelastic strain was the Coffin-Manson equation^ 6,77 

Ae p N f 8 = C 1 [3] 

where Ae p = inelastic strain range 
Nf = cycles to failure 
8, C] » constants 

Several theories have been proposed to confirm the 
Coffin-Manson equation^ 24 ^. It is generally observed that in the high- 
strain regime, microcracks nucleate and start to grow very early in life 
and thus the physical process characterized is that of high strain crack 
growth. A proposed high- strain crack growth law, Eq. [2], already 
discussed, can be integrated to yield the Coffin-Manson equation if the 
cycles required for initiation are ignored. 

2 . Frequency-Modified Coffin-Manson Equation 

Another phenomenological approach incorporates the fre- 
quency of a characteristic cycle of strain into the Coffin-Manson 

(781 

equation to account for time- dependent damage processes. It has 

been found convenient to use the quantity (N f v ) as a parameter for 
combining frequency and life. The Coffin-Manson equation becomes 
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[4] 


Ae p (N f v K_ V = C 2 

where Ae p = inelastic strain range 
Nf = cycles to failure 
v = effective frequency 
K, 8 ,C2 = constants 

Note that K serves as a measure of time dependency; when K = 1, Eq. [4] 

is independent of frequency. 

3. Coffin's Frequency Separation Model 

This model postulates that the basic parameters necessary 

to predict the creep- fatigue life are the inelastic strain range, the 

tension going frequency, and the loop- time unbalance. ^ 79 ^ Each of these 

parameters measure a different aspect of life. 




where Ae -j n = inelastic strain range 
Nf = cycles to failure 
Vf = tension frequency 
v c = compression frequency 
C, 8 ,m,K = constants 


[5] 


4. Ostergren Model 

(80 811 

Ostergren' s model ’ 1 is based upon the premise that 

low-cycle fatigue is primarily a problem of crack propagation. 


Accordingly, cracks nucleate very early, and the majority of the life is 
spent growing these cracks to a critical size. The model's measure of 


fatigue damage is the tensile hysteretic energy aborbed by the specimen. 
The life is predicted by postulating a power-law relationship between 
the measure of fatigue damage and the life. 
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[ 6 ] 


N f *Ci 4s 1n * a/ 

where Ae-j n = inelastic strain range 
Mf = cycles to failure 
at = peak tensile stress 
C,8 = constants 

It should be noted that Eq. [6], like the Coffin-Manson 
law, is valid only for time- independent fatigue. When time-dependent 
mechanisms are present, as in the creep- fatigue interaction, Eq. [6] is 
modified by a frequency factor which takes into account the time depen- 
dency. 

N f = c{ A£ in x vm [7] 

5. Damage Rate Model 

The damage rate approach^ 82 ^ is a phenomenological 
approach based upon the premise that low-cycle fatigue is primarily a 
process of crack propagation and cavity growth. Microcracks and cavi- 
ties are assumed to be originally present in the virgin material, and 
the majority of the low-cycle- fatigue life is spent growing these 
microcracks and cavities to a critical size at which time they link up 
and form a macrocrack. The basic equation below describes the assumed 
relationship between the "damage" rate and the controlling mechanical 
factors. For tensile loading: 

m . k 

d(ln a) = T e e [8] 

dt H h 

For compressive loading: 
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d(1n a) 
dt 



where a = crack length 

e p = plastic strain 
£p = plastic strain rate 
T,C,m,R = constants 


[ 9 ] 


Integrating this equation for the simplest case, where 
the cyclic loading is both symetrical and applied at high frequency (no 
hold- times), results in the following estimate of the failure cycles: 


iw-l 

A e 

-(m+1 ) 
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where Nf = cycles to failure 

itp = plastic strain range 
e = plastic strain rate 
A,m,K * constants 

6. Strain Range Partitioning 

Strain Range Partitioning is an approach for creep- 
fatigue life prediction. The inception and early development are attri- 
buted to Manson, Halford and Hirschberg of NASA. The literature abounds 
with related articles^ 3 "^ including the proceedings of a recent AGARD 
conference. The method incorporates grain boundary sliding (creep) 
and slip plane sliding (plasticity) as assumed mechanisms of damage 
accumulation. An analysis or prediction of life, therefore, requires 
partitioning of the total inelastic strain range into its four generic 
components and attributing to each component a proportionate amount of 
damage. The four basic types of inelastic-strain cycle include: 

4 e type (plasticity reversed by plasticity); Ae type (creep 

pp vv 

reversed by creep), Ac type (plasticity reversed by creep) and 

pc 
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A e type (creep reversed by plasticity). The idealized hysteresis 
loops are shown in Figure 4. The A s pp tyP e strain is time 
independent and does not require thermal activation. The remaining 
three cycle types have at least one time dependent component. In prac- 
tice, even simple strain cycles imposed on test specimens have some 
amount of the Ae type of cycle. 

r r 

When several types of strain ranges are involved, the 
first step is to compute a life from the basic life relationship of each 
strain range as if the strain range were the entire sum of strain ranges 
involved in the analysis. Once these lives have been calculated, the 
expected life is obtained by weighting each of the lives calculated 
according to that fraction of the total inelastic strain range that is 
truly associated with that strain range component. The basic equation 
is: 

1 F F F F CH] 

. _w> , . — Lpc — CJL 

N, M N M 

f pp cc pc cp 

where Nr = cycles to failure 

N . ^ = number of cycles to failure if the entire 
J inelastic strain range was comprised of Ac., 
type deformation J 

F . . = the fraction of the inelastic strain range 

which is comprised of A e ^ type deformation 

Note that since the PC and CP type cycles are mutually exclusive, Eq. 

[11] would be applied with only three terms on the right-hand side. 

7. Antolovich's Oxidation Model 

Antolovich et. a i .(3,38,54) | iave p r0 posed a model based 

on oxidation related crack initiation. The model is based on the obser- 
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vation that damage in Rene 80 and Rene / 77 takes the form of oxygen or 
oxide penetration along surface connected boundaries. A crack is said 
to initiate at a critical degree of boundary penetration. The equation 
expressing this failure criterion in simplified form (assuming no signi- 
ficant metal! urgial changes) is: 

a. max (l.) p = C Q [12] 

where cr-j max = maximum tensile stress at initiation 
lj = relative oxide depth 

p = constant, usually about -0.25 

C 0 = material constant 

Calculation of 1 • is based on the assumption that oxidation follows 
parabolic kinetics. Excellent correlation has been found with Nimonic 

90. However, some alloys such as Waspaloy show good correlation only 

{•> 

for tests of a given cycle character. This may be expected since the 
behavior of the oxides of these alloys are cycle dependent. 
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III. EXPERIMENTAL 

A. Material 

This investigation was performed on specimens tested for the 
AGARD Strain Range Partitioning (SRP) Program. The author selected 
two materials, Rene 80 (NASA and TRW) and IN 100 (NASA and ONERA). The 
material and testing conditions of these specimens appeared to provide a 
good basis for sorting out many factors and attending mechanisms 
controlling fatigue life. Specimens examined cover a matrix of material 
conditions, temperature, inelastic strain characters and cyclic lives. 
Several tests were performed on Rene 80 at the University of Cincinnati 
to elucidate perplexing observations. The chemical compositions are 

given in Table 1. 

* 

B. Specimens and Heat Treatments 
Rene 80 (NASA & TRW) 

Tubular, hourgl ass- shaped specimens with threaded ends 
were individually cast as solid round bars and machined to the con- 
figuration shown in Fig.ure 6. The uncoated specimens were heat treated 
as follows: 

1218C/2 hours vacuum/argon quench to room temperature 
1093C/4 hours vacuum/argon quench to room temperature 
1052C/4 hours vacuum, furnace cool in vacuum to 649C within 1 
hour, air cool to room temperature (this simulates the 
coating cycle) 

843C/16 hours vacuum/ furnace cool to room temperature. 

The coated specimens were prepared with a C0DEP B-l alu- 
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mlnlde coating. The alumina precoat was deposited on both the internal 
and external surfaces of the specimens by the electrophorsis technique. 
All other aspects of the coating application process conformed to 
General Electric Company Specification No. F50T58-S1. The resulting 
coating thickness was approximately 0.05mm. The coated specimens were 
given the following heat treatment: 

1218C/2 hours vacuum/argon quench to room temperature 
1093C/4 hours vacuum/ argon quench to room temperature 
Coating cycle as per G.E. Specification No. F50T58-S1 
843C/16 hours vacuum/ furnace cool to room temperature. 

Rene' 80 (U of C) 

Solid, longitudinal specimens were cast as solid round 
bars and Hot Isostatically Pressed (a procedure believed to heal casting 
porosity). The specimens were subsequently machined to the con- 

figuration shown in Figure 7. The heat treatment, which should have 

been similar to that described above, was accidentally omitted. The 

1 

resulting microstructure contains only coarse y rather than a duplex 
micostructure containing coarse and fine Y . This mistake in heat 
treatment is of little consequence to the analysis of these tests, since 
no direct comparisons will be made to other tests. 

IN 100 (NASA) 

Tubular, hour-glass shaped specimens were individually 
cast to near final demensions. Approximately 0.2mm thickness of 
material was machined from the inside and outside diameters to produce 
the finished test section dimensions as shown in Figure 6. No heat 
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treatment was applied to the cast specimens. 

IN 100 (ONERA) 

Solid longitudinal test specimens were cast and machined 
to dimensions shown in Figure 8. All specimens were given the following 
vapor phase aluminization heat treatment: 

cleaning-wet sandblasting with quartz "module 23" 

trichl orethylene vapor scouring 

aluminization at 1150C, 3 hours, argon cooling. 

C. Mechanical Testing 

Rene 80 and IN 100 (NASA) 

NASA - Lewis Research Center performed high- temperature, 
low-cycle fatigue tests on coated and uncoated Rene 7 ^ 80 at 1000C and 
uncoated IN 100 at 925C. The tests were performed using closed-loop, 
servo-hydraulic testing machines and axially loaded specimens with 
diametral extensometry. The temperatures were achieved by direct 

resistance heating of the test specimens. The environment was still, 

laboratory air. Stress versus time and strain versus time signals were 
recorded continuously for only a few tests. Stress- strain hysteresis 

loops were recorded continuously throughout each test. Hirschberg has 
described the facility in detail in Reference 98. 

The fatigue test program involved isothermal strain 
cycling to establish the four basic types of creep- fatigue life rela- 
tionships defined by the strain range partitioning method. The four 
basic types of reversed inelastic strain, AE p p> Ae P c» A e cp and 
Ae cc , are referred to as PP, PC, CP and CC, respectively. The 
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idealized stress-strain hysteresis loops for these four basic types of 
deformation are illustrated in Figure 4. The PP, PC, CP and CC types of 
strain range-fatigue life relationships were obtained by conducting High 
Rate Strain Cycle (HRSC), Compressive Cyclic Creep Rupture (CCCR), 
Tensile Cyclic Creep Rupture (TCCR), and Unbalanced Cyclic Creep Rupture 
(UCCR) or Balanced Cyclic Creep Rupture (BCCR) types of tests, respec- 
tively. Complex stress-strain cycle tests were also performed. These 
tests were designated Verf. 

The strain-controlled PP type tests cycles were applied 
using either a triangular or sinusoidal strain versus time waveform at a 
frequency of 0.5 to 1.0 Hz. In analyzing the results of the PP type 
tests, it was assumed that the imposed strain rates were high enough to 
preclude the occurrence of creep strain, thus producing inelastic 
strains that could be classified as plasticity. For the PC, CP and CC 
type cycles, the creep strain was imposed by controlling the load on the 
specimen at a constant value until the desired creep strain limit was 
reached, whereupon, the loading direction was reversed and the other 
half of the cycle was imposed. If it was desired to impose creep strain 
in this portion of the cycle, the load was again held at a constant 
value until the desired opposite creep strain limit was attained, or if 
plasticity was desired, the specimen was rapidly loaded until the oppo- 
site strain limit was reached. The time required for the plasticity 
poriton of the cycle was on the order of 0.5 to 2.0 seconds. It should 
be noted that the strain rate for strain reversal in the cyclic creep 
rupture tests was controlled mechanically. This was done by permitting 


37 



only a very low flow rate of hydraulic oil to the servo value. 

The high- temperature tensile and creep- rupture properties 
were also determined for these two materials at the appropriate tem- 
peratures. 

Rene 80 (TRW) 

TRW Inc. performed high- temperature, low-cycle fatigue 
tests on coated and uncoated Rene 7 80 at 871C and 1000C in an ultrahigh 
vacuum. The test procedure was very similar to that described for the 
NASA tests. However, the tests were conducted at 1000C in an ultrahigh 
vacuum environment below 10"^ torr and at 871C in a poorer vacuum 
environment of approximately 10“® torr. Stress versus time and strain 
versus time signals were recorded continuously for all tests. Stress- 
strain hysteresis loops were recorded periodically throughout each test. 

Rene 80 (U of C) 

The author performed high- temperature, low-cycle fatigue 
tests on uncoated Rene"" 80 at 1000C. The tests were performed using a 
closed-loop, servo-hydraulic testing machine (MTS Model) and axially 
loaded specimens with longitudinal extensometry. The temperature was 
achieved using an RF induction heating unit (Cycle-Dyne). The water- 
cooled induction coil was a five-turn coil with a 0.85 inch inside 
diameter. The environment was still, laboratory air. Stress versus 
time and strain versus time signals were recorded continuously for all 
tests. Stress-strain hysteresis loops were recorded periodically 
throughout each test. 

The tests performed include three tensile cyclic creep 
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rupture, TCCR, tests, one strain hold test, one continuous cycling test 
and one creep-rupture test in which the load was increased after speci- 
fic increments of time. Several interrupted tests were performed by 
freezing the specimen (turning off the induction heater) while the spe- 
cimen was under load at the point of maximum strain. 

The TCCR tests were performed using a relay device 
borrowed from NASA-Lewis. This device was modified to employ an RC cir- 
cuit to control the rate of load reversals electronically rather than 
mechanically. This modification resulted in a significant improvement 
in control of the system command signal. The details of the modifica- 
tion and an explanation of the test procedure can be found in Appendix 
A. 

Because the author had more control over the tests done 
at U of C than those done at other laboratories these tests played a 
very important role in this study. Details of the test control exerted 
by the author are noted in Appendix B. 


IN 100 (ONERA) 

ONERA (Office National d 1 Etudes et de Recherches 
Aerospatiales) performed high- temperature, low-cycle fatigue tests on 
coated IN 100 at 800C, 900C, 1000C and 11Q0C. The tests were performed 
using a closed-loop, servo-hydraul ic testing machine (Schenck system) 
and axially loaded specimens with longitudinal extensometry. The tem- 
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peratures were achieved using an RF induction heating unit (CELES GHF). 
The induction coils were of the nonclassical transverse type. The 
environment was still laboratory air. Stress versus time, strain versus 
time, and stress-strain hysteresis loops were recorded continuously 
throughout each test. The test program included high- rate continuous 
cycling tests, strain-hold tests, stress hold tests, and creep-rupture 
tests. Some tests were performed by alternating periods of pure fatigue 
with pure creep. 

D. Specimen Selection 

Specimens were systematically selected to cover a matrix of 
material conditions, temperatures, inelastic strain characters and 
cyclic lives. An outline of this matrix can be found in Figure 9. An 
attempt was made to choose specimens such that all "high strain" or all 
"low strain" specimens were subjected to nearly equivalent inelastic 
strains. This was done to make comparisons between temperatures, cycle 
types, and coated and uncoated conditions more meaningful. 

E. Scanning Electron Microscopy (SEM) and Energy Dispersive 

Analysis of X-Rays (EDAX) 

The guage section was cut from selected specimens normal to 
the longitudinal axis (usually about 7.5 mm below the fracture) using a 
Bronwill, thin- sectioning machine. The specimens were cooled with a 
continuous stream of water during this operation. These gauge sections 
were subsequently cleaned in an ultrasonic-acetone bath. After a brief 
examination under a low magnification, stereoscopic microscope, they 
were mounted upright on aluminum pedestals with a high-conductive, 
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silver paste. 

Detailed observation and photographic documentation of the 
fracture surface and the guage section surfaces of each selected speci- 
men was performed on a Cambridge 600 SEM. Micrographs were usually 
taken of the fracture surface with a stage tilt of about 30 to 35 
degrees and of the guage section surfaces with a stage tilt of about 60 
to 65 degrees. Simi-quanti tative chemical analysis of microstructural 
constituents was occasionally performed using the EDAX unit attached to 
the SEM. 

Chronologically the next procedure in the investigation 
involved optical microscopy of longitudinal sections of the selected 
specimens. However, optical microscopy of mechanically polished speci- 
mens yielded some erroneous observations and failed to resolve par- 
ticular damage features. A procedure was developed for electropolishing 
these specimens for SEM observation. It should be pointed out that 
optical microscopy did yield many valid observations. 

After SEM investigation of the fracture and gauge section sur- 
faces, these same specimens were glued upright on plexiglass blocks and 
sectioned longitudinally along several specimen diameters. Steel wires 
were spot welded opposite to the cut surface. These pieces were mounted 
on the cut surface in a two-part, epoxy, cold mount in such a way that 
the steel wires were exposed. The surfaces were ground smooth on wet, 
600 grit, silicon carbide paper. The exposed surfaces were electropo- 
lished in an electrolyte of 45% Butyl Cellosolve (CgH^0 2 ), 45% Acetic 
acid (CH^COOH) and 10% Perchloric acid (HCIO^) by volume. The electro- 
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lyte temperature was between 5C and IOC. The voltage was increased 
until a plateau in the amperage versus voltage curve was achieved. 
Polishing times were about 15 seconds. Specimens were broken out of the 
epoxy and prepared for SEM in the manner already described. 

SEM observations made of specimens prepared in this manner are 
regarded with the highest confidence. 

F. Optical Microscopy 

After SEM examination of the fracture surface and guage sec- 
tion surfaces, each selected specimen was cut longitudinally through the 
specimen axis along several different diameters as described in the pre- 
vious section. These pieces were mounted on the cut surface in degassed 
epoxy mounts. Black, alumina particles were mixed in with the epoxy to 
give good edge protection. The specimens were mechanically polished and 
chemically etched with an electrolyte consisting of 2 gms CuCl 2 , 40 ml 
HC1 and 80 mis methanol. Detailed observation and photographic docu- 
mentation was performed using a Reichert "Me F" microscope. 

G. Transmission Electron Microscopy (TEM) 

The specimens tested at U of C were studied with TEM. 
After testing, the guage sections were turned down to 3 mm diameter rods 
with a lathe. Transverse slices, approximately 0.5 mm thick, were sec- 
tioned from these rods using a Bronwill thin sectioning machine. The 
blanks were then ground down to approximately 0.13 mm with 600 grit, 
silicon carbide paper. Cooling water was used during both sectioning 
and grinding. 

The blanks were electro- thinned using a Fischione 
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electropolishing unit. The hole in the specimen holder was 1.5 mm in 
diameter. A solution of 45% Butyl Cellosolve ^ C 6 H 14°2 ^ Acetic acid 
(CH 3 C00H) and 10% Perchloric acid (HCIO^) by volume was used as an 
electrolyte. The polishing conditions were: 45 volts, 16 to 17 

milliamperes, pump speed at 80 and electrolyte temperature at 5C to 10C. 
The thinning normally took 7 to 9 minutes. After thinning, the foils 
were immediately rinsed with high purity ethanol. 

The foils were examined on a JEOL, 200 kV electron 
microscope. The scope is equipped with a 30° tilt and 360° azimuthal 
rotation stage. After examination, the foils were stored in air in 
small vials for further examination. 
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IV. RESULTS AND DISCUSSION 


A. High-Temperature, Low-Cycle Fatigue Tests 

Results given in this section are those presented by the orgi- 
nating laboratories (TRW, NASA and ONERA) in the AGARD conference 
proceedings. 

1 . Rene 80 Tested in Vacuum at 1000C and 871C (TRW) 

The fatigue test results are presented in Table II. Note 
that eight CCCR tests were conducted on uncoated material at 1000C 
instead of the usual five. Three extra tests (89U-PC-1 , 94U-PC-14 and 
97U-PC-15) were conducted here because analysis of the data for the 
first five tests indicate that drift may have occurred in the zero point 
for the load and strain control settings, resulting in erroneous 
readings. Thus, the values of total, inelastic, and partitioned ine- 
lastic strain range for these five tests may be in error. 

The fatigue test results from Table II are plotted 
against longitudinal strain range in Figures 10 through 13. Each figure 
contains three different graphs including a plot and least squares fit 
of total strain range versus observed cycles to failure, inelastic 
strain range versus observed cycles to failure and partitioned inelastic 
strain range versus life relationships computed using the interaction 
damage rule. Figures 10 and 11 contain the results of tests conducted 
at 1000C on uncoated and coated material , respectively, while Figure 12 
and 13 contain the results of tests conducted at 871 C on uncoated and 
coated material, respectively. 

For the tests conducted at 1000C, Figures 10 and 11, the 
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results indicate that the relative positions of the failure lives for 
the four basic types of strain range components (PP, PC, CP and CC) 
change little as a result of the presence of the aluminide coating. In 
all instances, PP deformation resulted in the longest cyclic lives, 
while PC deformation resulted in the shortest cyclic lives by approxima- 
tely one order of magnitude below the PP line. The CP and CC lives were 
quite close together and fell between the PC and PP lives, ranging from 
2/3 to 1/2 order of magnitude below the PP lives. 

The results of the tests conducted at 871 C, Figures 12 
and 13, were consistent with those conducted at 1000C in that the alumi- 
nide coating had little effect on the relative positions of the failure 
lives for the four basic types of strain range components. In all 
cases, PP deformation resulted in the longest cyclic lives. Unlike the 
1000C results, however, the PC and CP lives were both comparable, 
ranging from 1/2 to 1 order of magnitude below the PP lives. In terms 
of total inelastic strain range the CC results were somewhat comparable 
to those for the PC and CP, but partitioned inelastic strain range 
results indicated that CC had greater cyclic lives than PC and CP by 
approximately 1/2 order of magnitude at the higher stain range values. 

The results for each of the basic types of deformation 
have been plotted separately in Figures 14 through 17 in terms of total 
strain range versus observed cycles to failure and partitioned inelastic 
strain range versus life relationship computed using the interaction 
damage rule. For each of these plots a least squares fit was made of 
all of the data. In the original reporting of this data by TRW 
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Inc.^\ the authors stated that; "These least squares lines suggest 
that, for all four types of deformation, there was little difference 
between coated and uncoated material at 1000C and 871 C and further, 
there was little effect of temperature on the fatigue results." A more 
critical analysis of the data reveals that significant differences can 
be discerned. For example, PP type deformation resulted in greater 

fatigue life for coated than uncoated specimens at low values of ine- 
lastic strain range. At high values of inelastic strain, the data tends 
to merge. This trend is represented by the broken lines in Figure 14. 
There was no consistent difference between the 871 C and 1000C data. 

The PC data, Figure 15, is indistinguishable in terms of 

temperature or the presence or absence of a coating by any conventional 

means of analysis. 

The CP data. Figure 16, also appears indistinguishable 
when plotted as partitioned inelastic strain range versus cycles to 
failure. This observation is contingent on the validity of the SRP 
method. If the data is plotted in the conventional manner, that is 
total inelastic strain range versus cycles to failure. Figure 18, it can 
be seen that the uncoated material exhibits greater lives than the 
coated material by a factor of 2 or 3 for the specimens tested at 1000C. 
The data for 87 1C tests are indistinguishable in terms of the presence 
or absense of a coating and are comparable to the coated, 1000C data. 

The CC data. Figure 17, is indistinguishable in terms of 

temperature or the presence or absence of a coating by any conventional 

means of analysis. 
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To summarize these fatigue results more clearly, the 
least squares lives shown in Figures 14 through 17 are included in the 
composite plot of Figure 19. These results indicate that PP deformation 
resulted in the longest cyclic lives. When a time-dependent creep com- 
ponent was introduced into the cycle, however, an effect was observed 
which was dependent upon which portion of the cycle contained the creep 
component. The PC type of deformation, in which creep was introduced in 
the compression portion of the cycle, resulted in the shortest cyclic 
lives, one order of magnitude below those for PP deformation. The CP 
type deformation, in which creep was introduced in the tensile portion 
of the cycle, resulted in failure lives slightly higher than those for 
PC, i.e. slightly less than an order of magnitude below those for PP. 
The CC type deformation resulted in failure lives approximately 1/2 an 
order of magnitude below those for PP deformation. 

The results for the HRSC tests conducted at a number of 
different temperatures on uncoated material in a poorer vacuum 
(approximately 10”® torr) are shown in Figure 20. This figure contains 
a plot of total strain range versus observed cycles to failure and a 
plot of inelastic strain range versus observed cycles to failure. No 
tests were conducted under these conditions at 871 C, but the least 
squares lines from Figure 12 for the ultrahigh vacuum tests have been 
included for comparative purposes. The results for inelastic strain 
range indicate a decrease in fatigue life as temperature is reduced. It 
has been generally acknowledged that, in the absence of time-dependent 
deformation (creep), a material's ductility will be an indication of its 
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relative fatigue resistance, with a decrease in ductility usually 
resulting in a decrease in fatigue life. Ductility results for cast 
Rene 80 indicate a decrease with decreasing temperature from 1000C. 
Thus, the inelastic strain range results for Rene 80 do reflect the 
decrease in fatigue life with decreasing ductility. 

2. Rene 80 Tested in Air at 10QQC (NASA) 

The fatigue test results are presented in Table II. 
Examination of the data did not reveal significant differences between 
uncoated and coated results. Hence, the PP, PC, CP and CC life rela- 
tionships were established for the combined data set. The data and 
least squares curve fit are plotted in Figures 21(a) through 21(e). The 
assumption that the uncoated and coated data could be considered of the 
same population is borne out in Figure 20(f) where it can be seen that 
uncoated and coated results are evenly distributed above and below the 
central 45 degree perfect agreement line. 

To summarize the fatigue results more clearly, the least 
squares lines shown in Figures 21(a) through 21(d) are included in the 
composite plot of Figure 21(e). These results indicate PP and PC defor- 
mation resulted in comparable cyclic lives at intermediate values of 
partitioned inelastic strain range but the PP deformation exhibited 
greater lives at lower strain range values. The CP deformation resulted 
in cyclic lives approximately 1/2 an order of magnitude * below the PP and 
the PC lives. The CC lives fell between the CP and the PP lives. 

It would seem appropriate to compare the lOOOC-Vacuum 
test results (TRW ) with the lQOOC-Air test results (NASA) for the 
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uncoated and coated specimens. This comparison is probably the most 
valid inter- laboratory comparison that can be made for the AGARD, SRP 
data, because identical specimens and similar test procedures were 
reportedly employed. 

The results for the HRSC tests are plotted in Figure 22. 
The specimens tested in air resulted in cyclic lives which range from 
1/2 to 1 order of magnitude below the vacuum tested specimens. This 
might be expected since oxidation has been found to enhance crack ini- 
tiation and propagation. ^,30) ^ more explanation will be 

presented in a subsequent section). 

3. IN 100 Tested in Air at 925C (NASA) 

The fatigue test results are presented in Table II. The 
data and least squares curve fit are plotted in Figures 23(a) through 
23(e). The few data exhibit little scatter for PC, CP and CC type 
deformation. The CC deformation resulted in the longest cyclic lives, 
while the PC deformation resulted in the shortest cyclic lives, approxi- 
mately an order of magnitude below the CC lives. The PP deformation 
resulted in lives just short of the CC lives, while the CP lives were 
just short of the PP lives. 

4. IN 100 Tested in Air (ONERA) 

The fatigue test results are presented in Table II. The 
results are plotted in Figures 24(a) through 24(d). It can be seen that 
the cyclic lives are comparable for 900C and 1000C. 

To summarize the fatigue results more clearly, the least 
square lines shown in Figures 24(a) through 24(c) are included in the 
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composite plot of Figure 24(d). The PP deformation resulted in the 
longest cyclic lives for all values of inelastic strain, while CP defor- 
mation resulted in the shortest lives by approximately 1/2 order of 
magnitude below the PP lives. The PC and CC lives were between the two. 

B. Material Response to Cyclic Stress and Strain 

The tests performed at U of C will be frequently referred to 
in the following discussion. Although few in number, they represent 
well documented data (see Appendix B). Only a few simultaneous 
stress-time and strain- time records were available for the NASA tests. 

1 . Stress-Strain Hysteresis Loops 

In a HTLCF test, the hysteresis loop represents the 
stress and strain coordinates of the test volume with an origin of zero 
stress and zero strain representing the undeformed, untested state of 
the material. The hysteresis loop represents two categories of infor- 
mation simultaneously; the imposed stress or strain command of the 
testing system and the resulting strain or stress response of the test 
volume. HTLCF tests are generally performed in strain control which 
means that the test system imposes a value of strain on the test volume 
which corresponds to an electronic command. The command is repeated 
identically, cycle after cycle, including preprogrammed values at which 
strain reversals and possibly strain holds will occur. In such a test, 
the strain coordinates of the hysteresis loop, although representing 
instantaneous values of strain in the test volume are invariant, cycle 
after cycle. It is the stress coordinate that is variable in every 
cycle and therefore represents true material response which often 
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reflects metallurgical changes and damage processes. If the test were 
performed in stress control, the stress coordinate of the hysteresis 
loop would be invariant, cycle after cycle, and the strain coordinate 
would represent the true material response. 

The test system command signal generally follows a time 
basis. Although the hysteresis loop has no time coordinate, it does 
reflect the rate of stress or strain imposed by the system. Such beha- 
vior is related to the thermal component of plastic deformation. 

It is important to know the nature of the test control to 
make a meaningful interpretation of stress-strain hysteresis loops. 
Since a considerable analysis of stress and strain response will follow, 
the control for a typical, SRP test will be reviewed. The stress-strain 
hysteresis loop for a TCCR test performed on Rene 80 in air at 1000C (U 
of C) can be seen in Figure 25. The system command was essentially load 
control with reversals occuring at strain limits which were preset 
symetrically about the origin. Note the hold at a constant load. 
During this period, the command signal was free from any time basis such 
that the hold was as long or as short as required to achieve the posi- 
tive strain limit. 

The effect of strain rate is also apparent in Figure 25. 
Loops 1 through 4 were performed consecutively by increasing the stress 
rate (system command) after each cycle to effect a higher strain rate 
(material response). Strain- time and stress- time records for this 
experiment can be seen in Figure 26. The rate of stress reversal in 
loop 4 was 2.44 times as great as in loop 1 and resulted in a maximum 
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negative stress 17% greater in absolute value at the negative strain 
limit. This is indicative of a significant strain-rate sensitivity for 
Rene 80 at 1000C. The tests performed at NASA and TRW were controlled 
in a manner similar to that discussed above, except, the rate of strain 
reversals were not as well controlled. 

The idealized hysteresis loops for the four basic types 
of inelastic strain range were presented in Figure 4. These loops are 
considered idealized because they consist of only one SRP component. In 
the idealized loops, creep is initiated from an elastically loaded spe- 
cimen. This is not practical in a laboratory test because the resulting 
creep rate would be too low to achieve a significant strain in a reaso- 
nable period of time. Therefore, creep is initiated at a stress greater 
than the elastic limit (in tension or compression) such that any creep 
component is preceded by a plastic PP component. This behavior is 
illustrated in Figure 27 by the hysteresis loops recorded during testing 
of Rene / 80 at U of C. 

2. Stress-Strain Relationships 

There is considerable evidence that HTLCF failure can be 
initiated in a variety of ways; by coating cracks, by oxide cracks, by 
oxidized carbides at the specimen surface, by cracked grain boundaries 
and numerous others. It has been demonstrated that a significant por- 
tion of cyclic life is spent in the propagation of a crack-like entity 

( 24 80 81 1 

from this initiation site. * ’ ' Whether the crack be transgranul ar 

or intergranular, the driving force for crack advance is the stress and 
strain Imposed on the bulk specimen. It is the bulk deformation 
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response of the material which governs the nature of the stress and 
strain field at the crack tip. Therefore, it is clear that the bulk 

material response under cyclic conditions and holding must be 
understood. 

Stress can be related to inelastic strain in a hysteresis 
loop (from the onset of yielding to the maximum stress) by the familiar 
Holloman equation: 


a = Ae p n [13] 

Where a = true stress 

£p = true plastic strain 

n = strain hardening exponent of the cyclically 
stable material 

A = material constant 

The cyclic plastic strain range can also be related to 
the maximum stress (positive or negative) for a number of different 
tests performed under similar conditions: 
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where = true stress at the positive or negative peak of 

the hysteresis loop 

= true plastic strainrange 

n = cyclic strain hardening exponent of the 
cyclically stable material 

Hysteresis, stress-strain values such as maximum stress, 
minimum stress, holding stress and various components of the strain 
range for the specimens studied in this investigation can be found in 
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Table II. 


The maximum stress is plotted against plastic strain 
range for HRSC (PP) tests on Rene / 30 (TRW and NASA) in Figures 28 
through 30. (Note: These tests were performed in strain control). The 
data follows the expected pattern and can be represented by the Holloman 
equation. There is no indication that the coating affected the cyclic 
stress response for these tests. Recall that the HRSC tests on Rene^^ 80 
in vacuum exhibited longer lives for coated than uncoated specimens for 
1000C and 871C (Figure 14). This observation cannot be explained in 
terms of the stress response. 

In comparing the vacuum tests (TRW) for 1000C and 871 C in 
Figures 28 and 29 respectively, the expected behavior is observed. That 
is, the maximum stress for any equivalent inelastic strainrange is less 
for tests at 1000C as seen in Figure 29. This behavior was observed for 
the minimum stress as well. 

It should be noted that there was no significant dif- 
ference between cyclic lives at 871 C or 1000C for PP tests and PC tests 
as can be seen in Figures 14 and 15 respectively. This may be a result 
of two offsetting factors. Since the PP and PC tests at 1000C have a 
smaller maximum tensile stress compared to 871 C tests of equivalent ine- 
lastic strain range, the 1000C test specimens would require a larger 
crack to cause failure. Perhaps offsetting this advantage is the fact 
that many forms of damage, particularly grain boundary damage, occur 
more readily at the higher temperature. 

As was mentioned in the previous section, it is 
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appropriate to compare the 1000C - vacuum tests (TRW) with the 1Q00C 
-Air test (NASA). A comparison of maximum stress versus inelastic 

strainrange for PP type tests can be seen in Figure 30. The maximum 
stress curve for the vacuum tests falls significantly below that for the 
air tests. There should be little difference between deformation beha- 
vior in air versus vacuum, particularly for coated specimens. This 
observation may explain why the specimens tested in air resulted in 
cyclic lives from 1/2 to 1 order of magnitude below the vacuum tested 
specimens (Figure 22). Experiencing a much lower maximum stress, the 
vacuum tested specimens required a much larger crack to cause failure 
and therefore more cycles. 

Based on correspondence with the originating laboratories 
and the evidence presented in Appendix B, it was concluded that the NASA 
tests represent the true cyclic stress-strain response for Rene"^ 80 at 
1000C. The cyclic stress-strain response for Rene"^ 80 tested in vacuum 
at 1000C and 871 C is too low as reported by TRW Inc. However, the data 
within each temperature is self consistent and hence comparisons within 
the set of tests performed by TRW Inc. are believed to be valid. No 
further quantitative comparisons will be made of these ‘tests with those 
performed at NASA. 

There are several likely expl ai nations for this lower- 
than-expected stress response. It may represent an error in scale fac- 
tor which would mean that the tests were performed correctly, but the 
stresses were misrepresented, i.e. lower by a constant factor. This 
could have happened if the wrong excitation voltage was applied to the 
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load transducer. Although less likely, it may also mean that the actual 
test temperatures were much higher than the reported values of 1000C and 
871 C. 

The cyclic stress- strain response for continuous cycling 
(PP) tests is generally symmetrical about the stress equals zero line if 
they were performed in strain contol with strain reversals occurring 
symetrically about the strain equals zero line. The maximum and mimimum 
stress in the hysteresis response for Rene 7 80 tested in air at 1000C 
(NASA) and IN 100 tested in air at 925C (NASA) are plotted against ine- 
lastic strain range in Figures 31 and 32 respectively. The curves 
represent the continuous cycling tests. Also plotted in the figures is 
the maximum stress response for the PC tests and the minimum stress 
response for the CP tests. Unlike the PP tests in which time- 
independent, plastic deformation is reversed by time-indepent, plastic 
deformation, the time-independent component of the PC and CP hysteresis 
loop is reversing a time-dependent, creep component. As seen in Figure 
31, most of the "time- independent" strain reversals for PC and CP tests 
fall short of the PP response for equivalent inelastic strain range, 
particularly at higher strain ranges. This is not unexpected con- 
sidering the strain rate for strain reversal s in these tests were con- 
siderably lower than the PP tests. Recall the strain-rate sensitivity 
of Rene 80 at 1000C as was demonstrated in Figures 25 and 26. 

The stress response for strain reversals in the PC and CP 
tests on IN 100 at 925C is similar to the PP stress response as seen in 
Figure 32. 
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3. Strain Rates in Hold-Time Tests 

Most of the hold-time tests studied in this investigation 
were cyclic creep rupture tests in which a large portion of the inelatic 
strain was achieved during a hold at constant load. It is noteworthy 
that most life-time prediction methods (i.e. SRP) correlate inelastic 
strain with cycles to failure. Since inelastic strain is used as the 
measure of damage in each cycle, it seems reasonable to surmize that the 
rate at which this inelastic strain is achieved is related to the rate 
of damage accumulation in each cycle. Also, the amount of time- 
dependent damage, such as oxidation or creep related damage, which may 
occur in each cycle depends on the amount of inelastic strain in the 
cycle and the rate by which it is achieved. 

Consider the TCCR (CP) test, GR-1 , performed on uncoated 
Rene"^ 80 at 1000C (U of C). The imposed conditions of this test per- 
formed in load control were as follows: A e total = °* 9 28% and holding 

load = 4670 Newtons (initial stress - 172 MPa). The resulting inelastic 
strain at half life was 0.597%. The hysteresis loop for this test can 
be seen in Figure 33. The specimen failed after 130 cycles and 16.56 
hrs. Load reversal s were achieved at the rate illustrated in Figure 
26(1). Segments of the strain- time record for this test can be seen in 
Figure 34. Note that the first cycle is essentially equivalent to a 
monotonic creep rupture test in which a strain reversal occurs in the 
secondary creep regime. Also note that the creep rate increases in suc- 
cessive cycles with a smaller secondary creep regime accounting for less 
and less of the inelastic strain. 
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There are several factors which may contribute to this 
increasing creep rate: The first is a microstructural softening which 

is due to y' agglomeration or ripening .(3,38,54) y hl - s phenomenon 
generally occurs after the first few cycles at 1000C. Also, a cursory 
examination of dislocation substructures (see Figure 90) revealed little 
differences between a test specimen which was interrupted early in 
cyclic life compared to one interrupted late in cyclic life. It is 
concluded that coarsening contributes little to the increase in strain 
rates observed during cyclic creep rupture tests. 

A second possiblity is "cyclic creep acceleration". 
Considerable study of this phenomena has been done for aluminum at 
intermediate homologous temperatures/ 99 " 1011 It has been observed that 
the application of a cyclic stress results in a greater creep rate than 
would be observed for a monotonic application of the same maximum 
stress. No specific reference could be found to document a similar 
study on a nickel-base superalloy at high temperature. 

As will be discussed in the next section, the principal 
mode of damage in HTLCF is the initiation and subsequent propagation of 
cracks with a considerable portion of the cycles or time to failure 
spent in propagation. A number of cracks may inti ate and grow during a 
HTLCF test. These cracks may link-up during the course of propagation 
and form the crack which is ultimately responsible for failure. Another 
possibility is that the most critical crack may have initiated first or 
propagated along the most favorably oriented grain boundary. Failure of 
a test specimen occurs at a particular combination of crack size and 
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maximum stress. If the maximum tensile stress in a test is low, the 
crack size required to cause specimen failure will be relatively large. 
As seen in Figure 27, the tensile cyclic creep rupture test, Case II, 
presently being considered achieves an inelastic strain equivalent to 
the strain hold test and continuous cycling test with a much lower maxi- 
mum stress. As will be demonstrated in the next section, this TCCR test 
tolerated cracks of considerable depth before failure occurred. It is 
concluded that the presence of these cracks is the principal cause of 
the increasing strain rate observed in Figure 34. This conclusion is 
supported by the evolution of a more compliant, hysteresis stress-strain 
response. The hysteresis loops for four different cycles are superim- 
posed in Figure 33. The increasing compliance of the specimen is 
obvious in the stress reversals. It is the author's opinion that the 
increase in specimen compliance also accommodates creep strain during the 
hold at constant load. Relating the changing specimen compliance to the 
growth of the principal crack is a nontrivial exercise due to the pre- 
sence of numerous cracks in the gauge section accomodating longitudinal 
strain. Also, as cracks penetrate the specimen, a decreasing cross sec- 
tion must bear the load. Therefore, the true stress is increasing and 
contributes to the increasing strain rate. 

The observation of an accelerating creep rate in the hold 
of a tensile cyclic creep rupture test was also made for Rene' 80 tested 
by NASA and TRW. The strain- time records for two such tests performed 
on Rene' 80 at 1000C (NASA) can be seen in Figures 35 and 36. 

The TCCR (CP) test, Ree 305 was performed on coated Rene' 
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80 at 1000C (Figure 35). The imposed conditions of this test performed 
in load control were as follows: Ac tota i = 1 .022% and stress hold = + 

152.9 MPa. The resulting inelastic strain components at half life were: 
PP = 0.134% and CP * 0.496%. The specimen reportedly failed after 48. 

The TCCR (CP) test, Ree 208 was performed on uncoated 
Rene' 80 at 1000C (Figure 36). The imposed conditions of this test per- 
formed in load control were as follows: As tota -| = 1 .098% and stress 

hold = 172.6 MPa. The resulting inelastic strain components at half 
life were: PP = 0.218% and CP = 0.480%. The specimen reportedly failed 

after 35 cycles and 17.97 hrs. 

Note the similarity between Figures 35 and 36 and Figure 
34. Recall that the NASA tests were performed in load control with 
diametral strain extensometry. It is not clear how cracks normal to the 
longitudinal axis accommodate diametral strain, but they apparently do. 

Increasing strain rates were also observed in successive 
cycles of compression hold tests; i .e. CCCR tests. 

Since strain rate increases steadily as cracks advance 
through the guage section of a specimen, it would seem reasonable to 
relate the increase in strain rate to the rate of crack advance and to 
the time or cycles to failure. The average strain rate in any cycle is 
proportional to the inverse of the hold time for that cycle. Hold time 
is plotted for test Ree 305 and test Ree 208 against cycle number in 
Figures 37 and 38 respectively and against elapsed time in Figures 39 
and 40 respectively. As can be seen, hold time is proportional to the 
elapsed time which suggests that crack growth is a function of time 
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rather than a function of cycle number. Hold time could not be related 
to cycle number with an exponential function or a power function. 

It should be noted that the quantity ( s cree p/ ho1cl time) 
represents the average strain rate in a cycle. However, as seen in 
Figures 34 though 36, the strain does not vary linearly with time. The 
most accurate functional representation takes the following form: 

e=e 0 +8t m +kt [15] 

where e = total strain 

e q = initial strain upon loading 
8 ,m, and k = constants 

considering the small amount of inelastic strain achieved in the secon- 
dary creep regime, the following simplified form of Eq. [15] is 
adequate: 

e = e Q + 8 t m [16] 

in terms of the inelastic strain 

( e -e o ) = 3 t m [17] 

where (e - e ) = inelastic strain achieved during the hold. 
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The constants 3 and m were determined for the stain- time 
records of cycles 6 through 31 for test Ree 208. Agreement with Eq. 
[17] was evident in the correlation coefficients which ranged from 0.95 
to 1.00. As can be seen in Figure 41, 3 varies little in successive 
cycles and both the cycle-averaged and time-averaged value of g 3 
0.058. As can be seen in Figure 42, m increases steadily as a function 
of cycle number or as a function of time. 

In the preceeding discussion it has been shown that the 
progression of damage (i.e. crack growth as manifested by an increasing 
strain rate during a stress hold) could be related empirically to 
elapsed time in a few tests. The information available for the SRP 
tests presently being investigated is insufficient to explain these 
observations in more fundamental terms. Perhaps the most important 
question to be answered is; how m in Eq. [17] is related to cycle number 
or elapsed time and in what way does this relationship depend on the 
holding load and the total inelastic strain range. 

Being able to predict the cyclic stress- strain- time 
response of a material is obviously important in predicting the life of 
a laboratory test specimen if damage is time dependent (i.e. oxidation 
or time dependent crack growth). Expressing the stress- strain- time 
relationship for a SRP test in a manner which could be easily incor- 
porated into a life prediction methodology is not a simple undertaking. 
The strain- time response for a single cycle was accurately represented 
by Eq. [17]. The steadily increasing strain rate throughout the course 
of the test resulted in a steady increase in the constant m. It would 
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be expected that the stress dependency of strain rate be reflected by m, 
^ m /dt or ^ m /dN. Note that Eq. [17] with consideration of the changing m 
is a phenomenological representation of what is believed to be an 
increasing specimen compliance and an increasing true stress resulting 
from the presence of cracks in the specimen gauge section. Also, 
metallurgical changes result in structural softening. A more fundamen- 
tal representation of the strain-time response for a single cycle would 
include several terms to represent the rate at which each of these phy- 
sical processes accommodate strain. Each of these physical processes 
may have a unique stress dependency. 

In view of the importance of strain rate in cyclic creep 
tests, the average strain rate during the stress hold is related to the 
holding stress in Figures 43 through 49. 

The strain rate data for uncoated Rene / 80 tested in 
vacuum at 1000C (TRW) is plotted in Figure 43. Note the three datum 
marked with an asterick, test numbers 26u-PC-8, 23u-PC-6, and 9u-PC-l , 
probably represent erroneous strain and/or load readings as already men- 
tioned. In general the data follows an often observed relationship of 
the form: 


where 


e avg = C 


[18] 


e avg 3 ^ me avera 9 ed strain rate during the stress 
hold ( ehold x Nf/tf) 

o = holding stress (i.e. initial stress) 

C and n 2 constants. 


63 



The same trend can be noted for coated Rene" 80 tested in 
vacuum at 1000C (TRW) as seen in Figure 44. Stain rate is plotted 

against holding stress for uncoated and coated Rene 80 tested in vacuum 
at 87 1C (TRW) in Figures 45 and 46 respectively. The TRW data will not 
be closely scrutinized for reasons given in Appendix B. 

Strain rate is plotted against holding stress for 
uncoated and coated Rene 7 80 tested in air at 1000C (NASA) in Figures 47 
and 48 respectively and for uncoated IN 100 tested in Air at 925C (NASA) 
in Figure 49. The number adjacent to each datum represents the ine- 
lastic strain achieved during the hold at constant load. The general 

trend for each data set can be described by Eq. [18]. There seems to be 

little difference in the stress-strain rate behavior for coated or 
uncoated data. It was noted that it is only approximate to express 

strain rate in this simplified manner. However, it is encouraging that 
this empirical correlation does exist. 

In Figures 47 and 48 the data which exhibits a very high 
strain rate represents tests performed at low holding loads and a rela- 
tively small inelastic strain achieved during the hold. Since the maxi- 
mum stress is relatively low, the specimen can tolerate larger cracks. 
Such a compliant specimen could accumulate a considerable number of 
cycles rather rapidly resulting in a high, calculated, average strain 
rate. The strain- time records for two such TCCR (CP) tests performed on 

Rene 7 80 in air at 1000C (NASA) were presented in Figures 35 and 36. In 

Figure 35 it can be seen that test Ree 305 has essentially failed in 31 

cycles. The failure life reported in the AGARD conference proceedings 
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(see Table II) was 35 cycles. In Figure 36 it can be seen that test Ree 
208 has essentially failed in 30 cycles. The reported value was 48 
cycles. 

Also in the early cycles where the strain- time records 
resemble a monotonic curve with considerable time spent in the secondary 
creep regime, a test in which total inelastic strain is small achieves a 
greater portion of the inelastic strain in the more rapid primary creep 
regime. 

C. Crack Initiation and Propagation 

In this section the results of an extensive microscopic 
investigation of tested specimens will be presented. SEM and optical 
microscopy were found to reveal the physical nature of crack initiation 
and propagation quite adequately. TEM was performed on a few select 
specimens. 

The majority of the specimens examined were of the tubular 
hour glass type (NASA and TRW) as shown in Figure 6. Most of the 
failures occurred very near the center of the guage section at the loca- 
tion of minimum load bearing area. In either direction from the center 

the cross sectional area becomes larger and reaches a maximum 7.5 mm 

from the center. The maximum area is 12.8% greater than at the center 
of the gauge section and the nominal stress is correspondingly 12.8% 
less. Due to this gradual change in stress, the entire gauge section 
experiences nearly the same stress and strain as does the center. For 
this reason, damage observed below the fracture is nearly the same as 

that observed at the critical center of the gauge section. 
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1 . Untested Microstructure 

The untested microstructure of Rene / 80 specimens (NASA 
and TRW) can be seen in Figures 50 through 52. The originating labora- 
tories report an ASTM grain size number of 3, which means that grain 
dimensions would be approximately 0.1 to 0.2 mm. However, as can be 
seen in Figure 50, grain dimensions on the order of 2 mm could be found, 
particularly in the radial direction. Note in Figure 6 that the tube is 
only 1 .5 mm thick at the center of the gauge section. Consequently, 

single grains can easily transverse the specimen wall. Also note the 
irregularity of grain boundaries as seen in Figure 50. Such gross irre- 
gularities greatly impede grain boundary sliding at high temperatures. 
Dendrites which result from microsegregation of elements during solidi- 
fication can also be seen. 

The nature of grain boundary carbides in Rene 1 " 80 can be 
seen in Figures 51 and 52. Note the discontinuous small carbides and 
the intermitent larger carbides. This irregularity in grain boundary 
carbide morphology is partly responsible for the good creep resistance 
of this alloy. The course y' precipitates can be seen clearly in 
Figure 52. The small y' precipitates, which should have resulted from 
the pre-test heat treatment, could not be resolved by SEM. Carbides 

i 

approximately the size of the larger y residing at the grain boun- 
daries could be found throughout the matrix (Figure 51). 

The microstructure of IN 100 is considerably different 
than Rene 7 80 as can be seen in Figure 53. The grain boundary carbides 
occur at random intervals and are generally small. The matrix y 1 is 
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generally small and irregular but large irregular y ' can be found 
throughout the matrix and at grain boundaries. 

Except for small regions near the origin, the majority of 
fracture surfaces were interdendritic . These interdendritic regions 
reveal little about the damage process controlling life but represents a 
rapid propagation stage. In Figure 54, it can be seen that the periodi- 
city of undulations on the fracture surface are the same as the dendrite 
arm spacing. 

Micrographs documenting the various forms of damage can 
be seen in Figures 55 though 88. Most of the figures represent two 
tests and are designated A and B. The A- test is generally a high ine- 
lastic strain test and the B-test is generally a low inelastic strain 
test. The test conditions and failure data are given below each figure. 
The last two letters in the identification of each micrograph represents 
a particular feature of the specimen: FS = fracture surface, OS = out- 
side surface, IS = Inside surface and DS = diametral section made in the 
longitudinal direction. The longitudinal axis is in the vertical direc- 
tion in each figure. 

Uncoated Rene 80 Tested in Vacuum at 1Q00C (TRW) 

The HRSC (PP) test specimens are shown in Figures 55 and 56. The 
low strain test, B, exhibits a relatively large region of slow crack 
propagation compared to the high strain test, A. Due to higher tensile 
stresses in the high strain test, 191 MPa compared to 117.2 MPa for the 
low strain test, a crack can initiate and propagate more rapidly. Also, 
the high strain test, having a higher maximum tensile stress, requires a 
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much smaller crack to cause specimen separation. 

Delineation of grain boundaries is evident on the outside surface 
of these specimens. This delineation may be a result of two physical 
phenomena. It may result from grain boundary carbides "popping out" due 
to mechanical incompatibility with the matrix. Such an explaination 
should account for a greater or lesser delineation on boundaries with 
different orientations with respect to the longitudinal axis. In 
micrographs A3 and B3 of Figure 55 and in many figures which will follow 
(those representing vacuum tested specimens), it can be seen that the 
amount of grain boundary delineation is uniform, showing no perference 
for boundaries with a specific orientation. Also, elements found in 
greater concentrations at grain boundaries may have higher vapor 
pressures than the average for matrix elements. Such is the case with 
the element Cr, present in high concentrations in grain boundary car- 
bides. Elemental Cr has a vapor pressure ten times greater than elemen- 
tal Ni at the testing temperature of 1000C. The relative vapor 
pressures of Ni and Cr present in the matrix and in carbides, in Rene / 
80, may be different. The observations bear greater support for the 
second explanation. A more conclusive determination cannot be made with 
the evidence available. 

Internal damage as revealed in the diametral sections shown in 
Figure 56 is generally grain boundary decohesion. The grain boundary 
cavity in micrograph B1 appears to have been a casting defect, probably 
present before testing. Triple point cracking, as seen in micrograph 
A2, is a mode of damage generally associated with hold times and creep. 
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The CCCR (PC) test specimens are shown in Figure 57. Damage takes 
the form of "thermal etching" and sliding at grain boundaries. Crack 
initiation and propagation are intergranul ar . Note the more extensive 
grain boundary sliding with grain extrusions in the low strain specimen. 
The low strain test was performed with an initial holding stress of 
-78.6 MPa compared to -103.4 MPa for the high strain test. The times- 
to- failure were 15.9 hours and 4.9 hours respectively. If grain boun- 
dary sliding is time dependent, it is reasonble that the low- strain 
long-lived specimen would exhibit more extensive grain boundary sliding. 
Secondly, the low strain test specimen experienced a lower maximum ten- 
sile stress, 176.5 MPa compared to 270.3 MPa for the high strain test 
specimen. Therefore, the low strain specimen would require a greater 
degree of grain boundary damage to cause separation. Micrograph A3 
exhibits a common observation for compression hold tests, that is, grain 
boundary sliding without decohesion along the boundary. 

The TCCR (CP) test specimens are shown in Figures 58 through 60. 
Damage was again found principally at grain boundaries and was evident 
on the inside and outside surfaces of the specimens along the "thermally 
etched" boundaries. Micrograph B3 exhibits a cross section through a 
"thermally etched boundary". In view of the fact that little grain 
boundary sliding is observed for the tensile hold tests, it is unlikely 
that this material loss could be attributed to mechanically induced loss 
of grain boundary carbides. Grain boundary cracks initiate at the sur- 
face and propagate along boundaries oriented approximately normal to the 
longitudinal axis as can be seen in Figure 59, micrograph 1. Grain 
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boundary decohesion also occurs internally as can be seen in Figure 59, 
micrographs 2 through 4 and in Figure 60, micrograph 3, particularly on 
boundary segments normal to the longitudinal axis. The stereo pair of a 
surface initiated crack (Figure 60 and micrographs 2 and 4) illustrates 
that cracks propagate along the carbide matrix interface. 

Coated Rene 80 Tested in Vacuum at 1Q00C (TRW) 

The CCCR (PC) test specimens are shown in Figure 61. In micrograph 
Bl , the grain extrusions at grain boundaries are evident even through 
the aluminide coating. Note the similarity to the uncoated low strain 
specimen shown in Figure 57. Cracks generally initiated in the coating 
as seen in micrograph B3, but were also observed to initiate in the 
coating substrate as seen in micrograph B-4. 

The TCCR (CP) test specimens are shown in Figure 62. Although 
cracks initiated in the coating, they appeared to have assumed a grain 
boundary pattern. Note particularly micrograph Bl . 

Uncoated Rene' 80 Tested in Vacuum at 87 1C (TRW) 

The HRSC (PP) test specimens are shown in Figure 63. Only a very 
moderate amount of grain boundary delineation was observed compared to 
the 1000C- vacuum tested specimens. Initiation likely occurred at trans- 
verse segments of grain boundaries as seen in micrograph B2. Also note 
the pit like defects at a region away from grain boundaries. These 
occur at matrix carbides which intersect the specimen surface. These 
pits, like the grain boundary delineation previously discussed, are 
likely due to high vapor pressure of carbide forming elements or to 
mechanical incompatibility between matrix and carbides. Although not 
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common, cracked carbides were occasionally found in the matrix as seen 
in micrograph A3. 

The CCCR (PC) test specimens are shown in Figures 64 through 66. 
Note once again the larger region of slow crack propagation on the frac- 
ture surface of the low strain specimen. The majority of specimens exa- 
mined were free of gross casting defects. Small casting pores such as 
those seen in Figure 65, micrograph 2, had no effect on crack initiation 
or propagation. However, in a few specimens, casting defects did play a 
role in the cracking process as can be seen in Figure 66. The rela- 
tionship between grain boundary and matrix carbides and the pit-like 
surface defects is especially clear in Figure 66, micrograph 4. 

The TCCR (CP) test specimens are shown in Figure 67. Crack ini- 
tiation and propagation was intergranular. 

Coated Rene" 80 Tested in Vacuum at 87 1C (TRW) 

The HRSC (PP) test specimens are shown in Figure 68. As suggested 
by the larger region of slow propagation in micrograph B1 and B2, and 
the deep crack into the bulk of the specimen, micrograph B3, the low 
inelastic strain-low maximum stress test required a larger crack to 
cause failure. 

Consider the CCCR (PC) test specimen shown in Figure 69 and the 
TCCR (CP) test specimens shown in Figure 70. Cracks were initiated in 
the aluminide coating. 

Uncoated Rene'' 80 Tested in Air at 1000C (NASA) 

The HRSC (PP) test specimens are shown in Figure 71. Again, a 
larger region of slow crack propagation was found on the low inelastic 
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strain-low maximum stress specimen. Cracks initiated at oxide cracks in 
the specimen surface as can be seen in micrograph B3. As these cracks 
propagated into the matrix, the newly formed surfaces oxidized. This 
oxide, which could have potentially reduced the rate of further environ- 
mental attack, was continually cracked by repeated strain reversals pro- 
viding a path for easy oxygen penetration. As a result of this process, 
many oxide- filled cracks can be found in the gauge section. 

The CCCR (PC) test specimens are shown in Figures 72 and 73. 
Cracks in the oxide gave rise to cracks in the matrix. Note that these 
cracks have assumed parallel arrays of nearly equivalent spacing for a 
particular test. Diametral sections of these specimens revealed a y 1 
depleted zone near the surface as well as around the crack as can be 
seen in Figure 73, micrographs 3 and 4. The y ' depleted zone is asso- 
ciated with the diffusion of Ti and A1 to the surfaces. The fact that 
this y' depleted zone has different mechanical properties than the 

matrix means that oxidation may affect the rate of crack advance under 
specific test conditions. The crack shown in micrograph B4 may be an 
arrested crack or a slow moving crack experiencing general oxidation. 
The rate of growth of the principal crack may have exceeded the rate of 
development of the y' depleted zone. 

The TCCR (CP) test specimens are shown in Figure 74. There is a 

considerable difference in the behavior of the oxide compared to the 
CCCR tests. The oxide has spalled rather than cracked. Crack ini- 

tiation and propagation was intergranul ar . 

The BCCR (CC) test specimens are shown in Figure 75. Note once 
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again that the cracks in the oxide have assumed regular parallel arrays. 

The behavior of the oxide played an important role in crack ini- 
tiation for uncoated specimens tested in air. Consider a test where the 
specimen is held in tension (i.e. TCCR test). When the strain limit is 
achieved, the cycle is reversed. The compressive strain is accommodated 
in the bulk material by plastic deformation. However, the oxide which 
has formed during the hold is brittle and can tolerate only small 
elastic strains and therefore must spall. On the other hand, during a 
compression hold test (CCCR or BCCR), the oxide forms during the relati- 
vely long hold and to accommodate the strain on the tension going por- 
tion of the cycle, the oxide simply cracks. These oxide cracks give 

rise to cracks in the matrix, one of which will ultimately be respon- 
sible for failure of the specimen. 

It has been observed that the cracks in the oxide assumed a very 
regular spacing on the gauge section surfaces. It is possible to relate 
the spacing of cracks to the total strain imposed during the test. As 
the plot in Figure 89 suggests, there exists a minimum total strain 
range below which we would expect an infinite spacing of cracks, that 
is, no cracks present in the oxide. The few tests performed with a 
total strain range below this minimum (around 0.3%) resulted in cyclic 
lives greater by a factor of two or three than would be predicted by 
extrapolation of the high strain range data. This possibility for error 
should be considered when using high strain- short lived tests to predict 
behavior at lower strains and longer lives. 
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Coated Rene 80 Tested in Air at 10Q0C (NASA) 

The HRSC test specimens are shown in Figure 76. Note once again 
the larger region of slow propagation on the fracture surface of the low 
inelastic strain- low maximum stress specimen. The low inelastic strain, 
test specimen (micrograph B2) exhibits an intergranul ar character at the 
origin but a transition to transgranul ar propagation. Initiation 
generally occurred at coating cracks. 

The CCCR (PC) test specimens are shown in Figure 77. Cracks ini- 
tiated in the coating. Note also the rumpled appearance of the coating. 

The TCCR (CP) test specimens are shown in Figure 78. Although 
there are numerous coating cracks, the preferred path for crack propaga- 
tion is intergranular. Note also the cavity adjacent to a grain boun- 
dary carbide in micrograph A3. Such cavities are generally associated 
with carbides because their formation is favored by the high resolved 
shear stresses which are present there during testing 

The BCCR (CC) test specimens are shown in Figure 79. Note once 
again that the low inelastic strain-low maximum stress specimen exhibits 
a larger region of slow propagation. 

Rene' 80 Tested in Air at 10Q0C (U of C) 

The TCCR (CP) test specimens are shown in Figures 80 and 81. Each 
of the three specimens represented in these two figures were tested 
under identical conditions. Test GR-1 (Figure 80) was cycled to 
failure, t = 16.6 hours and N = 130. Hence the damage seen in Figure 80 
represents approximately the state of damage (cracking) necessary to 
cause failure under the imposed test conditions. The maximum damage 
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logically occurred at the location of failure. Crack initiation and 
propagation are intergranular. Most of the intergranular cracks origi- 
nated at the surface but were also found internally at grain boundary 
segments normal to the tensile axis. 

Specimen GR-2 (Figure 81 -A ) was cycled to t = 3.31 hours and N = 7. 
Note that in this early stage of the test, cracks have already initiated 
at grain boundaries. 

Specimen GR-3 (Figure 81-B) was cycled to t = 7.39 hours N = 27. 
Grain boundary cracks were numerous in this specimen and on average 
longer than in specimen GR-2. Note also a deeper general oxidation at 
the surface and also note that oxidation of the cracked surfaces is 
similar to the general oxidation at the specimen surface. Note that the 
cracks in Figure 81-B are not longer than those in Figure 81-A, yet the 
testing time is 2.2 times longer. These cracks have obviously arrested 
because the particular grain boundaries in which they reside deviate 
from a normal -to-the-princi pal -stress direction. Oxidation also served 
to blunt the crack tip. The evidence presented above supports a conten- 
tion that cracking is initiated at grain boundaries in Rene 80 tested at 
1000C because they possess poorer mechanical strength than the matrix and 

/ A ^ A C /I \ 

not because of a rapid penetration of an "oxide spike". ’ ’ 
Considerable oxidation product subsequently accumulates at the crack 

because repeated strain reversals continually breaks the potentially 

/ 

protective oxide. More accurately stated; cracking in HTLCF of Rene 80 
occurs at grain boundaries, particularly when hold times are included. 
The poorer mechanical strength of grain boundaries for nickel -base 
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alloys may be attributed to oxygen poisoning of the boundaries as was 
demonstrated by Bricknel and Woodford^^ ^ . Given the fact that grain 
boundaries have poorer mechanical strength (for whatever reason) and 
given the fact that initiation and propagation will occur along 
favorably oriented grain boundaries, the important question still 
remains; what parameters govern the rate of crack advance down such a 
boundary to achieve the critical crack size for failure under the pre- 
vailing maximum stress. 

These tests serve to point out a possible fallacy in ' the 
interpretation of post mortum specimens. 

Consider the strain hold (CP) test specimen shown in Figure 82. 
The depth of cracks observed in this specimen tested to failure were 
considerably less than that observed for the stress hold test specimen 
shown in Figure 80. The hysteresis loops for these two tests can be 
seen in Figure 27. Note the higher maximum stress for the strain hold 
test. 

Uncoated IN 100 Tested in Air at 925C (NASA) 

The test specimens are shown in Figures 83 through 86. The general 
mode of damage was intergranular initiation and propagation regardless 
of cycle type. The behavior of the oxide exhibited a dependency on 
cycle type similar to that observed for Rene / 80. Again, the natural 
selection of grain boundaries as a site of crack initiation and propaga- 
tion is due to their inferior mechanical strength rather than being a 
site of rapid environmental attack. 

Consider the TCCR (CP) test specimen shown in Figure 85. Note the 
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general depth of cracking in micrograph B2 along boundaries oriented 
favorably to the principal stress direction. Note in micrograph B3, a 
crack in the same specimen is very short because the boundary in which 
it resides deviates from a favorable stress orientation. Oxidation has 
served to blunt the crack tip. If grain boundary penetration was due to 
intense localized oxidation of grain boundaries, there is no reason that 
this particular crack should be halted. The driving force for crack 
advance appears to be the component of stress normal to the crack plane. 

Coated IN 100 (ONERA) 

Consider the creep rupture test and the pure fatigue test specimen 
shown in Figure 87. The origin of failure in the creep rupture tested 
specimen could not be indentified. The fracture surface suggests a 
microvoid coalescence mechanism. The origin of failure in the pure 
fatigue test can be easily identified in micrographs B1 and B2. Crack 
initiation and propagation to the critical crack size was transgranul ar . 
Note the differences in the appearance of the gauge section surfaces in 
micrographs A3 and B3. The numerous cracks in the coating for the mono- 
tonic creep rupture test reflects the greater amount of strain which was 
necessarily accommodated by the coating. 

Consider the LRSC and BCCR test specimens shown in Figure 88. Note 
that an origin could be located on the LRSC test specimen but not on the 
BCCR test specimen. 

Transmission Electron Microscopy 

(Uncoated Rene' 80 Tested in Air at 1000C) 

A cursory examination of dislocation substructure was performed on 
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a few specimens selected from those tested at U of C. The principal 
objective was to determine if the increasing strain rates observed 
during TCCR testing (Figure 34} could be explained in terms of struc- 
tural softening. A few representative TEM micrographs are shown in 
Figure 90. 

The starting microstructure was characterized by examination of 
foils taken from the head of a test specimen. This starting microstruc- 
ture is shown in micrograph F. As stated in the Experimental section, 
it was discovered that the specimens used in this U of C test program 
had not been heat treated. Instead of the duplex y‘ structure which 
would have resulted from the intended heat treatment, the coarse y' 
structure seen in micrograph F is that which resulted from Hot Isostatic 
Pressing. 

Micrographs A, B and C represent three TCCR tests performed under 
identical conditions (see Table 11-13). Micrograph A represents the 
substructure in a specimen stopped very early in life, N = 7 and t * 
3.31 hours. Micrograph B represents the substructure in a specimen 
stopped at an intermediate point in the life, N = 27 and t * 7.39 hours. 
Micrograph C represents the substructure in a specimen tested to 
failure, N = 130 and t - 16.56 hours. These three micrographs 
illustrate a similarity in microstructure and dislocation arrangement 
which indicates that the increasing strain rates observed thoughout the 
course of TCCR tests connot be attributed to structural softening. 

Micrograph D represents the strain hold test GR-4 tested to 
failure. Note the similarity in microstructure and dislocation arrange- 
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ment compared to the TCCR test to failure, Micrograph C. 

Micrograph E represents a grain boundary in the strain hold test 
specimen GR-4. There was no evidence of any particular grain boundary 
damage mechanism such as cavitation. 

D. A Model For High-Temperature Low-Cycle Fatigue 

In view of the evidence presented, it is apparent that HTLCF 
damage in Rene / 80 and IN 100 takes the form of crack initiation and pro- 
pagation. The observation of cracks in a Rene / 80 test specimen (U of C) 
stopped very early in cyclic life supports a contention made by previous 
investigators that LCF life represents principally a crack propagation 
stage. The most consistent observation made of the failed specimens was 
that there exists a particular combination of maximum tensile stress and 
crack size necessary to cause failure (the higher the maximum tensile 
stress, the smaller the crack necessary to cause failure). Considering 
the nature of the tests investigated (i.e. TCCR tests in which specimens 
were held under a prescribed static load) and the findings that 
increasing strain rates during the hold were a function of elapsed time 
in such tests, it is surmised that crack growth was a function of time 
rather than cycle number. Based on the above stated premises, a metho- 
dology for analysis and prediction of fatigue life will be presented. 

Several investigators have attempted to describe creep crack 
growth in HTLCF. A brief discussion of some of this work can be found 
in the Literature Review. One approach was expressed as 

follows:* 59 .™- 73 . 74 ’ 

da * AK" [19] 

dt 
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where a = crack length 

K = stress intensity 
A,n = constants 

This power law relationship, similar to the Paris equation, represents 
data for crack growth in a compact tension specimen under static load. 
Crack growth rate, da/dt, is a function of crack length, a, because the 
greater is the crack length, the greater is the stress and strain inten- 
sity at the crack tip and therefore the driving force for crack exten- 
sion. In HTLCF testing, the entire bulk of the specimen is experiencing 
inelastic strains. Hence, employing a linear elastic fracture mechanics 
concept such as stress intensity is not strictly correct. Equation [19] 
has been employed from a purely empirical standpoint to describe creep 

crack growth quite satisfactorily. 

f 66 1 

Huang and Pelloux 1 ; studied fully plastic crack growth rates 
in Hastell oy-X at 25C and 760C and found da/dN to correlate most satis- 
factorily with aJ. It should be noted that these tests were continuous 
cycling tests performed at 0.2 Hz. There is no apparent justification 
for applying this approach to the present investigation which involved 
long hold times and where crack growth is suspected to have been a func- 
tion of time. 

Jones and Tetelman^ 73 ^ have correlated crack growth, da/dt, 
with both net section stress and the apparent stress intensity factor 
for 304 stainless steel over the temperature range from 650C to 800C. 
Their results indicated that the stress intensity correlation is 
strongly dependent on specimen geometry, whereas the net section stress 
correlation appeared to be generally valid. The correlation may be 
expressed as follows: 
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da = A cr m 
it 

where a = crack length 

a a net sections stress 
A,m = constant 

It was shown that time-dependent crack growth rate could be described by 
a power function of the net section stress because the net section 
stress is proportional to the local (crack tip) stress. The strain rate 
in the net section was also shown to be proportional to the local strain 
rate. This net section stress expression will be used in the following 
development. Considering that net section stress varies as a function 
of time in a HTLCF test, Eq. [20] becomes: 

da = Aa(t) m [21] 

dt 

Consider da/dt for any given cycle in a HTLCF test: 

da 3 crack extension during the cycle 

dt 3 elapsed time during which the crack was extending. 

The crack does not extend at all times throughout a given cycle but only 
when the stress is positive. Taking this one step futher, we can sur- 
mise that the crack extends only when o(t) > a (a threshold stress for 
crack extension by the mechanism of creep crack growth) and hence for t 
3 t{o(t)> a j) • Creep crack growth in any given cycle of a HTLCF test 
may be determined by integration of Eq. [21] between the appropriate 
1 imits. 
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! a (after cycle) 
da 

a (prior to cycle) 


"t( o(t) < Oj) 

A ( a (t) - o T ) m dt 


Jt( a(t) > 


) 


The principal point of interest in HTLCF testing is to be able 
to predict cyclic life or time to failure given the imposed conditions 

of the test (i.e., Ae T , Ae e h 0 ld’ ^old’ Depending on 

the type of control, stress range, stain range or both, a given test may 
accumulate quite a number of cycles after the damage process (cracking) 
has ran its course. The number of cycles or time accumulated from this 
point to the end of the test can represent a significant fraction of 
and/or t^ since it is usually reported for specimen separation. 

Therefore, a meaningful presentation of a method for the analysis and 

prediction of HTLCF life should define N^. and t^ as the cycle number and 
time for which the damage process is completed. This matter may be 

somewhat complicated when applying a definition for failure to tests 

with different controls. For example: In a total strain control-strain 
hold test, actual failure will manifest itself as a marked decay in the 
maximum stress. In a total strain control -stress hold test, actual 
failure may manifest itself as a very rapid attainment of the inelastic 
strain, resulting in very short hold times. Defining an equivalence 

between the two requires a judgement. 

The physical significance of a definition for failure was 
quite adequately demonstrated in the previous section. Failure in a 
HTLCF test has occurred when the principal crack exhibits a transition 

from slow propagation to rapid crack advance (which was charac- 
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teristically in ter dendritic for the materials and test conditions 
studied). The transition may have been marked by specimen separation in 
a single cycle if the maximum tensile stress was high or by the obser- 
vations described above. The fact that the transition to a rapid propa- 
gation stage occurs at a particular combination of crack size and 
maximum tensile stress suggests that fracture mechanics considerations 
and therefore an "apparent stress intensity factor" defines an operative 
failure criterion. Such a criterion may be expressed as follows: 

K f = Si w < a ' 1/2 t 23] 

where Kf = apparent stress intensity factor 

S = shape factor, depends primarily on specimen geometry 
a max = maximum tensile stress 

a = crack length at the onset of rapid propagation 

As was presented in Eq. [22]: 

! t( 0(t)< Oy ) 

A( ct ( t) - ay) m dt [24] 

t( a(t)> a T ) 

For the nickel -base superalloy Rene‘S 80, the value for m was found by 
inspection to be equal to 2. The crack length for failure of Rene / 80 as 
defined above may be expressed as follows: 

r t( a(t) < <Jy) 

a f = (N f )(a/cycle) = N f A ( a(t) - <Jy) 2 dt [25] 

J t( cr( t) > <*y) 


83 



Eq. [25] is valid when a (t) does not change much with cycle number. If 
cr(t) changes significantly with cycle number, the change should be 
accounted for. The condition for failure when the mechanism of damage 
in HTLCF is creep crack growth may be stated as follows: 


K f 3 s a max [a f ] 1/2 3 Constant 


[26] 


t( a (t) <o T ) 


1/2 


K* = S a 


max 


N f lA ( o (t) - j)‘ 


dt 


[27] 


t( a (t) > CT y ) 


Application of this failure criterion to three tests performed 
on uncoated Rene' 80 at 1000C in air (U of C) will be demonstrated expli- 
citly. The test conditions are described in detail in Table 11-13. The 
hysteresis loops for these three tests can be seen in Figure 27. Note 
particularly the similarities in the imposed test conditions. In each 
test the total strain limits were identically 0.93%. The time required 
for strain reversal in each leg of the hysteresis loops was 
approximately 30 seconds in each test. The resulting inelastic strain 
range in each test was approximately 0.6%. 

Case I, Strain Hold Test 

Consider the strain hold test designated GR-4. The hysteresis loop 
taken at approximately half life can be seen in Figure 27. Portions of 
the stress-time record can be seen in Figure 91. The hold time at the 
positive strain limit was 390 seconds. This hold time was the cycle- 
averaged hold time for the stress hold test designated GR-1 . (This test 
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will be considered in Case II). Application of Eq. [27] requires an 
appropriate expression for a (t) and a determination of a and N^. 

It was determined that a (t) for the strain hold could be expressed 
in the classical manner for exponential decay of stress. Note that Eq. 
[27] requires an expression for a (t) only for the time during which 
a (t) is greater than a j. 

In lieu of a direct determination of the threshhold stress for 
creep crack growth, the following rationale was used to approximate the 
value of a^.. Cyclic life correlates very well with inelastic strain 
(i.e. Coffin-Manson equation) for a given type and condition of testing. 
Inelastic strain, therefore, must correlate with damage (cracking) in 
HTLCF. An exponential decay of stress with a corresponding increase in 
inelastic strain was observed in Case I. The stress levels off at a 
stress of about 151.7 MPa for cyclically stablized Rene 80 tested under 
these conditions. Inelastic strain (damage) is no longer accrued below 
this value of stress (approximately the back stress), o j will there- 
fore be taken as 151.7 MPa. 

The next concern is the determination of N^. As previously 

discussed, failure in HTLCF occurs when the damage process (cracking) 
has run its course. This was defined as the transition to a rapid pro- 
pagation stage. Since a direct determination of the transition cannot 
be made, consider how such a transition would manifest itself in the 
cyclic stress response. Stress versus cycle number is plotted for the 
strain hold test presently being discussed in Figure 92. The maximum 
and minimum stress in each cycle as well as the minimum stress achieved! 
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during the strain hold are plotted. The presence of cracks In the spe- 
cimen was manifested by a reduction in the maximum stress and the 
relaxed stress. Metallurgical changes such as structural coarsing were 
also partly responsible for this decay in maximum stresses. Without the 
necessary basis for making a determination, a judgement must be made. A 
rapid change in slope is noted in the maximum stress at a stress of 
approximately 207 MPa. The corresponding cycle number is 160. by 

definition is therefore 160. Employing the cycle- averaged values of the 
maximum tensile stress and the minimum stress in the strain hold, the fol- 
lowing expression represents the quantity (o(t)-Cj) for Case I. 

( 0 (t)-151.7) = 91.50 e’ t/24 [28] 


Now the appropriate substitutions can be made into Eq. [27]. 



| 

^=390 

K f * S(207 ) 

A( 160) 

[91.50 e' t/24 ] 2 dt 


V 

t=o 


K f = SA 1/2 8.3 X 10 5 


1/2 


[29] 


[30] 


Case II, Tensile Cyclic Creep Rupture Test 

Consider the stress hold test designated GR-1 . The hysteresis loop 
taken at approximately half life can be seen in Figure 27. Portions of 
the stress-time record can be seen in Figure 93. The hold time varied 
in each cycle and was as long as necessary to achieve the positive 
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strain limit (see Figure 34). 

Due to the imposed conditions of the test; o(t) ® constant = 172 
MPa. The value of ary is again taken as 151.7 MPa. Consequently the 
quantity ( cr(t)- <ry) = constant ? 20.3 MPa. The presence of cracks in 
this specimen was manifested by the rapid attainment of inelastic strain 
as can be seen in Figures 34 and 93. Failure was judged to have 
occurred at N=130 and t=16.56 hours. Recall that in the development of 
Eq. [27], the integral represents the crack growth per cycle. After 
multiplying by Ny, the resulting expression represents the crack length 
at failure. This approach cannot be applied directly to the present 
case because the hold time decreases throughout the test. Consequently, 
the time for crack growth decreases in each successive cycle. The 
integration can be performed for the cycle- averaged hold time in which 
case the quantity (total hold time) is substituted for the quantity 
(Nf x cycle- averaged hold time). With the appropriate substitutions Eq. 
[27] reduces to: 


K f = S(172)[A(51166)(20.3) 2 ] 1/2 

[31] 

K f = SA 1/2 7.9 X 10 5 

[32] 

Continuous Cycling Test, Case III 



Consider the low rate continuous cycling test, GR-5. The hystere- 
sis loop taken at approximately half life can be seen in Figure 27. A 
schematic of the stress time record for a few cycles can be seen in 
Figure 94. Note that the cycle period was 60 seconds. It is expected 
that crack growth was time dependent at such a low rate of cycling. 
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Due to the imposed conditions of the test; a (t) approximately fits 
an equation of the form a (t) = at + b. The value of a T is again taken 
as 151.7 MPa. Consider the determination of for this test. The 

maximum and minimum stress is plotted against cycle number in Figure 95. 
Failure will be defined in a manner equivalent to the strain hold test 
considered in Case I. Failure occurred when the maximum stress fell to 
207 MPa. The corresponding cycle number is 260. With the appropriate 
substitutions Eq. [27] becomes: 




"t-13.6 

t=15.8 

K f = S(207 ) 

A(260) 

[6/76 1] 2 dt + A( 260) 

[659-41 .7t] 2 dt 


w 

t=0 

t=13.6 


K f « SA 1/2 7.1 X 10 5 [34] 

Considering Cases I through III, the failure criterion was calcu- 
lated to be nearly identical in every case. Once again: 

Case I, K f = SA 1/2 8.3 X 10 5 
Case II, K f = SA 1/2 7.9 X 10 5 
Case III, K f = SA 1/2 7.1 X 10 5 

The general applicability of this failure criterion to tests repre- 
senting such varied cycle character strongly suggests that the precepts 
on which it was founded are correct. 
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Rene" 80 Tested in Air at 10Q0C (NASA) 

The model expressed in Eq. [27] was applied to Rene 80 tests per- 
formed by NASA. The value for a j was determined by applying Eq. [27] 
to a small group of data and employing an interation technique to 
achieve the lowest deviation of K^. Oj was found to be 132 MPa. This 
value of was used in Eq. [27] to calculate values of for many of 
the tests performed by NASA. The results are reported in Table III. 
Note that these values of are not numerically equivalent to those 
just calculated for the tests performed at U of C. This is due to the 
fact that a different specimen geometry and hence a different shape fac- 
tor, S', was employed. Furthermore, there is not a numerical equiva- 
lence between tests of different cycle types because Eq. [27] was 

necessarily applied in approximate form for most of the tests. 
Comparisons should be made only within a particular cycle type. 

Calculation of for the TCCR tests presented in Table III was 
performed in the manner demonstrated in Case II. Note particularly 
tests Ree 315 and Ree 305. The calculated values for are 
S'A^ 2 1.49 X 10 4 and S'A^ 1.44 X 10 4 respectively. was not 

calculated for TCCR tests in which the holding stress was below a T , 132 
MPa. 

In view of the fact that strain reversals occur at a very high rate 

for HRSC and CCCR tests, the time for which a (t) is greater than a is 

* * 

very small, usually less than one second. Consequently, crack growth 
under these conditions was more likely to have been cycle dependent than 
time dependent. To arrive at a convenient form for the cycle dependent 
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crack growth expression, consider the following: The imposed condition 

in all of these HTLCF tests was total strain control. Also, in nearly 
every case, multiple cracking was observed in the specimen gauge sec- 
tions. The appropriate expression for the crack driving force 
becomes^ 03 


G ■ a eff 2 h = K 2 

n T~ 

where G = Griffith crack driving force 
h = specimen guage length 
a e ff » effective stress 

K * effective stress intensity factor 
E 3 elastic modulus 


[35] 


In Eq. [35] it can be seen that the effective stress intensity at the 
crack tip is proportional to the effective stress. Since cyclic crack 
growth under these conditions has been expressed in the form: 


da cC (K) n 
dN 


Then it follows that: 


da 

Hn“ 



[36] 

[37] 


Expressing the effective stress in a form which incorporates a threshold 
stress for cycle dependent crack growth, Eq. (37) becomes: 
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da 

~ST 


[ 38 ] 


where o max ■ maximum tensile stress 

a j » threshold stress for cycle dependent crack growth 

Assuming a value of 2 for n, and following the same formulation used for 
time dependent crack growth, the failure criterion for the cycle depen- 
dent case becomes. 

V < "»ax>C( “max- “T> 2 M V2 

Most of the calculations presented in Table III represent application of 
K f ‘ by Eq. [39]. Note the excellent agreement within any cycle type. 
The correlation is expressed as the (standard deviation/ average value of 
K^r* ) for each cycle type. The possiblity that expressions for time 
dependent and cycle dependent crack growth may be similar in form is 
interesting since the Coffin-Manson equation, or some modification of 
it, generally serves to correlate cyclic life for both time dependent 
and cycle dependent fatigue. 

It has been shown that, for a particular cycle type and test con- 
ditions, there is a good correlation between Ae and N £ . That is to 

P f 

say, the Coffin-Manson equation applies. Therefore any mechanistically 
based model should represent a form approximate to the Coffin-Manson 
equation. Consider the case of the continuous cycling tests performed 
on Rene 7 80 in air at 1000C (NASA). (Each datum considered is identified 
by an asterisk in Table III). The Coffin-Manson equation representing 
the data of interest is: 
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C40] 


Acp 3 4.23 N f “* 45 

The coefficient of correlation is 0.96. Since the frequency of cycling 
is one hertz, the cycle dependent failure criterion, Eq. [39], will be 
empl oyed . 

< V* -'32W f ] ,/2 = K' f * 1 .085 X 10® [41] 

S'A ,1/r 

Note that Eq. [41] is expressed in terms of maximum stress and cycles to 
failure. The equivalence between this equation and the Coffin-Manson 
equation representing the same data is not directly apparent. Consider 
Figure 30 in which the maximum stress is plotted against the inelastic 
strain range for this data. The relationship between the maximum stress 
and the inelastic strain range may be expressed by the familiar Holloman 
equation: 


V 346 C42] 

The coefficient of correlation is 0.99. Despite the excellent correla- 
tion, this equation is inaccurate at low values of ACp. For example, 
when Ae p 3 0 the calculated value of a max 3 0 according to Eq. [42]. 
The true material behavior exhibits a nonzero maximum stress at Ae p 3 
0 when the specimen is cycled within the elastic limits. By extrapo- 
lating the curve in Figure 30 to A Cp 3 0, the expression relating the 
maximum stress in the cycle to inelastic strain can take on greater phy- 
sical significance. 
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°max * 132 + 417 ' 1 V 710 [43] 

The coefficient of correlation is 0.99. 

Now with Eqs. [42] and [43] the appropriate substitutions can be 
made into Eq. [41]. 

(487.6 Ae p * 346 )[ (417.1 Ac p ,710 ) 2 N f ] 1/2 = 1.085 X 10 6 [41] 

With the appropriate rearrangements Eq. [38] becomes: 

Ac p = 4.87 N f "* 47 [44] 

This equation is nearly identical to the Coffin-Manson equation repre- 
senting the same data (see Eq. [40]}. 

IN 100 Tested in Air at 925C (NASA) 

The failure criteria expressed in Eqs. [27] and [39] were applied 
to the IN 100 tests performed by NASA. The value for was determined 
by applying Eq. [39] to a small group of data and employing an iteration 
technique to achieve the lowest deviation in K'y. oy was found to be 
126 MPa. This value of oy was used in Eqs. [27] and [39] to calculate 
values of Ky and K f ' which appear in Table IV. The TCCR, BCCR and 
Verification tests were evaluated using Eq. [27]. Eq. [39] was used for 
the HRSC and CCCR tests since the time for which ° it) was greater than 
y was very short in each cycle. 

The same general observations made for the Rene” 80 tests also apply 
for these IN 100 tests. There is, however, greater variation in and 
K'y for any given cycle type. This may be due to a significant 
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environmental interaction. The role of environment in crack growth in 
HTLCF was not treated explicitly in the development of Eqs. [27] or 
[39]. 

Consider the HRSC tests identified with an asterisk in Table IV. 
The Coffin-Manson equation representing this data is: 

A Cp - 4.24 N f "- 55 [45] 

The coefficient of correlation is 0.98. With the appropriate substitu- 
tions for Eq. [39] becomes: 

nlQA 


Ae p = 4.08 N f "* 54 [46] 

Once again an equivalence between the Coffin-Manson equation (a phenome- 
nological approach) and Eq. [39] a mechanistic approach has been 
demonstrated. 

It should be noted that this model is in a development stage. 
Future work will address: 

1) The physical significance of the crack growth expressions, 
particularly the physical significance of Oj. 

2) The apparent dichotomy in using an expression for crack growth 
which is independent of crack length and using a quasi - 
fracture mechanics failure criterion which is dependent on 
crack length 5 ? 

3) Application of the model to a variety of available data to 

test its general applicability. 

♦For example, as the crack grows the net section 
stress increases and at some point failure occurs 
when the net section stress reaches a critical 
value. 
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SUMMARY AND CONCLUSIONS 

\ 

In summary, the evidence presented in this work Indicates that 
damage in HTLCF of Rene‘S 80 and IN 100 in the temperature range from 
871C to 1000C is principally initiation and propagation of a crack or 
cracks to such a size that failure ensures. Failure was defined as 
the time and cycle number at which there is a transition to rapid pro- 
pagation (characteristically interdendritic for the materials and test 
conditions studied). The transition (failure) occurred at a par- 
ticular combination of crack size and maximum stress; the higher the 
maximum stress, the smaller was the crack size. 

Cracks were generally found to initiate and propagate along grain 
boundaries oriented normal to the direction of loading. The driving 
force for crack advance was the component of stress normal to the 
crack plane. This propagation stage may be time dependent or cycle 
dependent in accordance with the cycle character. Hence the cyclic 
stress-strain-time response for any given test proved to be valuable. 
A model was developed to incorporate these observations into a failure 
criterion. In this model the cycles to initiation were not accounted 
for. The intention was not to disregard them, but an adequate basis 
to account for them was not available. Consider the range of 
inelastic strains imposed on the test specimens studied; approximately 
0.05% to 2.0%. the attending maximum stress was generally greater 
than the time independent flow stress. For most of the test specimens 
studied in this regime, the contention that a crack or cracks 
initiated very early in cyclic life appeared to be valid. For low 
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inelastic strain tests ( ~ 0.05%) or for those tests where the maximum 
stress was relatively low (TCCR or BCCR tests), the cycles to 
initiation may have been significant. 

Considerable attention was given to modes of crack initiation. 

In vacuum it was found that a form of damage existed that was not 
readily apparent in air tested specimens. Grain boundary delineation 
and pit like defects at the specimen surface were believed to be a 
result of the higher vapor pressure of carbide forming elements. 
These surface irregularities could potentially aid crack initiation. 
However, similarity between cyclic lives for coated and uncoated spe- 
cimens precludes a straightforward assessment of this damage. 

To give the proper weight to the environmental interaction, con- 
sider the following: Crack initiation and propagation generally 

occurred at grain boundaries, logically because they posess poorer 
mechanical strength. This poorer mechancial strength may be attributed 
to oxygen or nitrogen embrittlement of these boundaries or simply due to 
poorer inherent strength compared to the matrix. Specimens tested in 
air were found to have comparable cyclic lives for coated and uncoated 
specimens. This suggests that the environment did not play a major role 
in the initiation event for most of the tests investigated. However, 
oxidation can influence the cyclic life provided the inelastic strain 
and the maximum stress are low by affecting the cycles to initiation. 
It was found that below the critical strain for cracking of the oxide, a 
significant improvement in life was noted for uncoated specimens tested 
in air. The manner in which the environment affects the rate of 
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propagation of an initiated crack to a critical size could not be 
determined quantitatively from the present investigation. There were 
observations which indicate that oxidation served to blunt the crack 

tip. However, work by previous investigators suggest that propagation 
is likely enhanced by the environmental interaction. Oxidation as a 

mechanism of penetration of the material to achieve a crack like entity 
of a size necessary to cause failure was not observed in this 

investigation. 

The following specific conclusions can be made from this work. 

They are applicable to Rene' 80 and IN 100 in the regime of testing 
studied. 

1. HTLCF of Rene 80 and IN 100 represents principally propagation 
of a crack to a size necessary to bring about failure under 
the prevailing maximum stress. 

2. Crack initiation and propagation were generally intergranu- 
lar. 

3. Those degradation processes which degrade the specimen sur- 
face influence crack initiation. They affect life in the 
low inelastic strain - low maximum stress regime. 

4. Vacuum tested specimens exhibited a form of damage unique to 
that enviroment. 

5. The principal environmental interaction in air is related to 
the effect on crack initiation, particularly in the low ine- 
lastic strain - low maximum stress regime. 
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APPENDIX A 


The TCCR tests performed at U of C were accomplished with the aid 
of a relay device borrowed from NASA Lewis. The tests were preformed 
in load control using the 50 kps MTS at U of C. The relay device was 
connected to Programmer 2 at location J226 on the 422 Controller as 
illustrated in Figure A-l . The rate of load reversals was controlled 
by the Resistance-Capacitance circuit also illustrated in Figure A-l . 
The holding load was achieved by increasing the Span 2 setting on the 
422 Controller. Since these tests have a negative mean stress, it is 
necessary to impose a negative Set Point in such a way that (Set Point) 
+ (Span 2) equals the holding load and (Set Point) - (Span 2) is less 
than the peak negative load required to reverse the cycle. The value 
for (Set Point) + (Span 2) should be just below the negative peak. If 
it is too low, it will effect a greater rate of load reversal since the 
command is essentially (%/sec) of (Set Point) +_ (Span 2). This was 
illustrated in Figures 25 and 26 where higher rates of load reversal 
were achieved by clocking in a more negative value for the Set Point. 
Strain overshoot was noted at the negative strain limit for the high 
rate reversals. This was due to the inherent limitations of the relay 
device employed. The fastest rate which could be exployed without pro- 
ducing a significant strain overshoot was the rate illustrated by loop 
4; about 35 seconds (see Figures 25 and 26). NASA reported reversal 
times of 1 second using the same device. 
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Figure A-l Circuit modification made to the NASA relay device to 
control the rate of load reversals. 
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APPENDIX B 


As was noted in the text, the stress response reported for the TRW 
tests appeared to be erroneous. The most likely explanation was the 
possibility of a scale factor error. Another discrepancy was noted in 
the flow stress for a number of tests. The stress- strain hysteresis 
loops reported by TRW in Report No. TRW ER-7861 for two tests can be 
seen in Figure B-l . The testing temperature was 871C for both tests. 
There is no plausible explanation for such a difference in stress- 
strain response. 

Suspicions that the TRW tests were not well controlled were con- 
firmed by a cursory examination of strain-time charts. A segment from 
two typical tests can be seen in Figure B-2. Note that the total 

strain limits are not equivalent in every cycle. Also note that there 
is not the steady decrease in the hold times that was observed for the 
NASA and U of C tests. This may be due to the shifting strain limits. 
There also appears to be considerable "noise” in the strain signal 
which could have caused the strain limits to be reached prematurely, 
especially where the strain- time curve is "flat" as it is in the early 
cycles in the test. 

The uncertainties introduced by the poor test control described 
above precluded a rigorous analysis of the test data for the TRW tests. 
However, all observations of a general nature, such as those described 
in the section on microscopic observations are valid. 
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Figure B-l Hysteresis loops for two tests performed on Ren/ 80 In 
Vacuum at 871 C (TRW) . 
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Figure B-2 Segments of the strain time charts for two tests per- 
formed on Rene' 80 in Vacuum (TRW). 
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-- 

— 

-- 

149 

2.90 

91U- PC-12 

0. 659 

0.402 

0.257 

0.04( 

0.209 

0.000 

0.000 

— 

— 

-- 

356 

5.90 

98U-PC-1A 

0.601 

0.343 

0.25S 

0.075 

0. 1(3 

0.000 

0.000 

— 

— 

— 

396 

42. 9C 

29 U- PC- 10 

0.330 

0.126 

0. 204 

0.0.40 

0. 164 

0.000 

0.000 


— 

-- 

1415 

7.40 

1CU-PC-2 

1.999 

0.443 

1.556 

0. 2 1( 

1. 338 

0.000 

0.000 

— 

— 

-- 

19 

1.00 

12U-PC-4 

1 .(09 

0.445 

1.364 

0.109 

1.255 

0.000 

0.000 

-- 

— 

-- 

30 

2.00 

e9u- pc-ii 

0.579 

0.259 

0. 319 

0.04S 

0. 271 

C.000 

0.000 

— 

— 

— 

1(7 

4.9C 

94U-PC-14 

0.464 

0.246 

0.21( 

0.03] 

0. 1(7 

0.000 

0.000 

— 

-- 

— 

4 1( 

5.90 

9U-PC- 1 

0.944 

0.191 

0.753 

0.03( 

0.715 

0.000 

0.000 

-- 

— 

-- 

473 

3.90 

97U-PC- 15 

0.292 

0.181 

0. Ill 

0.022 

0.089 

0.000 

0.000 

— 

— 

— 

1979 

25. 90 

23U-PC-6 

0.306 

0.177 

0.209 

0.015 

0. 194 

0.000 

0.000 

— 

— 

-- 

9810 

15.90 

26U- PC-R 

0.409 

0.169 

0.240 

0.023 

0. 217 

o.ooc 

0.000 

— 

— 

— 

10164 

19.10 

112U-CP-11' 

0.907 

0.512 

0.385 

0.077 

0.000 

0.301 

0.000 

— 

-- 

-- 

101 

1.90 

•6U-CP-9 

0.772 

0.440 

0.332 

0.026 

Q.000 

0.306 

0.000 

— 

— 

— 

147 

3.40 

30U-CP-5 

0.736 

0.447 

0.2(9 

0.035 

0.000 

0.254 

0.000 

— 

— 

-- 

193 

1. 30 

31U-CP-6 

0.56R 

0.3(0 

0. 20( 

0.006 

0.000 

0.202 

0.000 

-- 


— 

530 

».70 

3SU-CP-7 

0.364 

0.253 

0. Ill 

0.019 

0.000 

0.092 

0.000 

— 

— 

— 

3705 

64.10 

14U-CP-1 

1.595 

0.32( 

1.267 

0.2(0 

0.000 

0.9(7 

0.000 

— 

— 

-- 

12 

0.50 

111U-CP-10 

0.957 

0.246 

0.711 

0. 17( 

0.000 

0.533 

0.000 

-- 

— 

— 

79 

1 • 3 C 

39U-CP-R 

0.436 

0.193 

0.243 

0.016 

0.000 

0.227 

0.000 

— 



527 

3.60 

IS U- CP-3 

0.509 

0.211 

0. 37( 

0.114 

0.000 

0.264 

0.000 

— 

— 


601 

7.60 



LARORATORI: TH 

MATERIAL: RENE* 10, OBCOATED 


Table II-3^ 97 ^ 

CREEP- TATI GOB DATA (CORTIROED) 


I1TE DATA 0 STEESSES 


_&erc. 


TEST TEBP-C 


uiLttimiminjmiia. srimisiiitrzfciri.iueBSL iei ------- 

JEEEQ 5IUU=lilfclZ£lS_iaW_imdSI£ III £QBf E11S1 H»H I IBL..CI£HS-Sm». 


17U-CP-R 

TCCR 

1000/1000 

0.5E-02 

— 

— 

22.0 

0 

• 0.0 

103. R 

2R3.R 

0.0 

0.0 

— 

710-CC-7 

OCCR 

•71/071 

0.5E-03 

— 

— 

110.0 

110.0 

351.0 

205.5 

030.5 

0.0 

0.0 

— 

730-CC-B 

OCCR 

•71/071 

0. RE-03 5 

— 

— 

110.0 

110.0 

3RR.7 

320.7 

005. R 

0.0 

0.0 

— 

70U-CC-9 

OCCR 

071/071 

2.01-03 

— 

— 

100.0 

100.0 

200.0 

2R5.R 

53R.R 

0.0 

0.0 

— 

120U-CC-12 

OCCR 

•71/071 

7.0E-03 

— 

— 

<0.0 

<0.0 

213.0 

200.1 

RIO. 1 

0.0 

0.0 

— 

79U-CC-10 

OCCR 

071/071 

3.3E-03 

— 

-- 

150.0 

150.0 

222.7 

100.7 

R12.R 

0.0 

0.0 

— 

mo-cc-ii 

OCCR 

1000/1000 

7.RB-03 

— 

— 

00.0 

00.0 

100.0 

17R.5 

301. R 

0.0 

0.0 

— 

07U-CC-0 

OCCR 

1000/1000 

2.01-03 

— 

— 

170.0 

170.0 

• 0.7 

53.0 

13R.5 

0.0 

0.0 

— 

15U-CC-3 

OCCR 

1000 / 100 O 

2.3E-03 

— 

— 

220.0 

220.0 

120.0 

100.0 

220.0 

0.0 

0.0 

— 

R00-CC-5 

OCCR 

1000/1000 

0.7E-03 

— 

— 

30.0 

70.0 

100.7 

00.3 

100.0 

0.0 

0.0 

— 

200-CC-R 

OCCR 

1000/1000 

3.2E-02 

— 

— 

10.0 

10.0 

• 5.5 

50.5 

1R2.0 

0.0 

0.0 

— 


LABORATORY: TIN 

MATERIAL: RIME 1 BO, Oil CO AT ED 


STRAINS C TAILORS DATA 


SPEC 

__EQ isifiil 

SXBftUE&ESKlBAUzUU. 

EL IN PP 

»AL0ES1 

X 



EftiULftl 

15. 

CIBISS 

NP 

_E£;88S. 

fc 

CP 

"~CC 

12- 

81 

17U-CP-R 0.R05 

0.109 

0.2RO 

0.030 

0.000 

0.210 

0.000 




1305 

0.00 

710-CC-7 1.300 

0.R05 

0.963 

0. 2R1 

0.007 

0.000 

0.055 

— 

-- 

— 

25 

1.60 

730-CC-O 1.103 

0.R2R 

0.709 

0.005 

0.00R 

0.000 

0.000 

— 

-- 

— 

35 

2. 20 

70U-CC-0 0.70R 

0.3R0 

O.RRR 

0.013 

0.031 

0.000 

O.ROO 

— 

-- 

— 

160 

17.00 

120U-CC-12 0.022 

0.207 

0.355 

0.071 

0.007 

0.000 

0.277 

— 

-- 

— 

101 

0.00 

790-CC-10 0.507 

0.203 

0.2RR 

0.029 

0.010 

0.000 

0.20S 

— 

— 

— 

<37 

53. 10 

119U-CC-1 1 0.573 

0.251 

0.722 

0.075 

0.029 

0.000 

0.01R 

— 

— 

— 

69 

2.00 

07U-CC-0 0.599 

0.093 

0.506 

0. 101 

0.025 

0.000 

0.300 

— 

— 

— 

257 

2R.60 

190-CC-3 0.R57 

0.159 

0.290 

0.000 

0.029 

0.000 

0.209 

— 

— 

— 

R20 

51.00 

ROO-CC-5 0.273 

0.110 

0. 155 

0.031 

0.000 

0.000 

0.110 

— 

-- 

— 

R703 

152.00 

20U-CC-R 0.233 

0.099 

0.13R 

0.013 

0.007 

0.000 

0.11R 

— 

— 

— 

• 15R 

•*0.50 



Table 1 1 -4 

Cl EEP- FATIGUE DATA (COITIROED) 


LABORATORY : TAB 
MATERIAL: REIB' 10, COATED 

RATE DATA S STRESSES 

!ME_BU41flU£iUEB_!Uai5L SIEBSSfSlBBUttlESJLBimL-BM 

SFEC TEST TERF-C FREQ Sl8HKz£iU=SlSf£ leiB-IIIErSSC, TER CORF RARGE _BEIM4UQK_ CYCLIC STRAIR 


6ft 

Alll. 

TER/COUF 

MJ 


_COfl£ 

iib„_ 

CSflB 

_fi!I 

Oil 

_U41 

__IEB 

CORF 


77C-PP-11 

RRSC 

R71/R71 

1.0R 00 



2. OB 00 

2.0E 00 

0 

0 

A52.3 

AA1.3 

R93.6 

0.0 

0.0 


52C-PP-7 

RISC 

R71/R71 

1.0E 00 

1.5B 00 

1.5E 00 

0 

0 

A09.R 

39A.A 

ROA.O 

0.0 

0.0 

-- 

51C-PP-R 

RISC 

R71/R71 

1.0E 00 

3 1 • 3B 00 

1.3E 00 

0 

0 

3S5. 1 

355.1 

710.2 

0.0 

0.0 

— 

5AC-PP-B 

RISC 

R71/R71 

1.01 00 

8. 2E-01 

I.2E-01 

0 

0 

231.0 

277.2 

50R.2 

0.0 

0.0 

-- 

55C-PP-9 

RISC 

R71/R71 

1.0E 00 

3. IE-01 

3, IE-01 

0 

0 

112. A 

113.1 

225.5 

0.0 

0.0 

-- 

75C-PP-10 

RISC 

1000/1000 

1.0E 00 

1.8E 00 

1« 9E 00 

0 

0 

2R5.5 

273.7 

559.2 

0.0 

0.0 

— 

A5C-PP-3 

RRSC 

1000/1000 

1. OB 00 

9. IE-01 

8* IE-0 1 

0 

0 

17R.R 

177.2 

355. R 

0.0 

0.0 


A7C-PP-A 

RISC 

1000/1000 

1.0E 00 

l.fE-01 

I.3E-01 

0 

0 

12R.9 

12R.2 

255.1 

0.0 

0.0 

— 

A9C-PP-5 

RISC 

1000/1000 

1.0E 00 

8.5E-01 

4* 5E-C 1 

0 

0 

11R.5 

113.1 

229. R 

0.0 

0.0 

— 

A3C-PP-1 

use 

1000/1000 

1.0E 00 

3.0E-01 

3.0E-01 

0 

0 

71.7 

7A.A 

1AR.1 

0.0 

0.0 

— 

90C-PC-7 

CCCR 

R71/E71 

5. IE-03 

— 

— 

0 

195.0 

5RR.R 

233. f 

R00.5 

0.0 

0.0 

— 

SIC- PC-A 

CCCI 

R71/R71 

1. 0B-02 

-- 

— 

0 

103.0 

R2R.R 

210.3 

R39.1 

0.0 

0.0 


ISC- FC-9 

CCCI 

R71/R71 

1.3E-02 

— 

— 

0 

RO.O 

A93.R 

233.0 

72R.R 

0.0 

0.0 

— 

51C-PC-5 

CCCI 

R71/R71 

1.2B-02 

— 

— 

0 

RA.O 

520.1 

232.3 

752. A 

0.0 

0.0 

-- 

BBC-PC-R 

CCCI 

R71/S71 

7. RE-03 

— 

— 

0 

12R.0 

32R.2 

113.1 

511.3 

0.0 

0.0 

— 

SRC- FC-1 

CCCI 

1000/1000 

1.5E-02 

— 

— 

0 

R5.0 

3AR.2 

153. R 

502.0 

0.0 

0.0 

— 

5RC- FC-3 

CCCI 

1000/1000 

1.7E-02 

— 

— 

0 

59.0 

297.2 

117.2 

A1A.A 

0.0 

0.0 

— 

96C-FC-10 

CCCR 

1000/1000 

1.3E-02 

— 

— 

0 

77.0 

2R2.7 

133.1 

A15.R 

0.0 

0.0 


57C- PC-2 

CCCI 

1000/1000 

1. 3E-02 

— 

— 

0 

7R.0 

2A2.0 

106.2 

3AR.2 

0.0 

0.0 

— 

I3C-PC-E 

CCCR 

1000/1000 

A.7E-03 

— 

— 

0 

215.0 

30A.R 

RR.2 

371.0 

0.0 

0.0 

— 

BAC-CP-R 

TCCE 

R71/R71 

5.AE-03 

-- 

— 

110.0 

0 

35R.5 

R0R.1 

96R.R 

0.0 

0.0 

— 

115C-CP-11 

TCCI 

R71/R71 

2. IE-02 

— 

-- 

A 7.0 

0 

3A0.R 

A95.7 

R3R.3 

0.0 

0.0 

— 

R2C-CP-1 

TCCI 

R71/R71 

1.5B-02 

— 

— 

R5.0 

0 

275.1 

505. A 

7ei.2 

0.0 

0.0 

-- 

E3C-CP-5 

TCCI 

R71/R71 

1.0E-02 

— 

— 

15.7 

0 

19R.0 

530.9 

72E.9 

0.0 

0.0 

— 

RAC- CP- 2 

TCCI 

R71/R71 

1.5E-02 

— 

— 

RR.S 

0 

2A0.R 

322.0 

5R2.R 

0.0 

0.0 

— 

11 3C-CP-9 

TCCI 

1000/1000 

2. 5E-02 

-- 

— 

AO.O 

0 

200.0 

330.3 

530.3 

0.0 

0.0 


RRC-CP-A 

TCCI 

1000/1000 

1. RE-02 

— 

— 

55.0 

0 

171.0 

3M.7 

515.7 

0.0 

0.0 

— 

•5C-CP-7 

TCCI 

1000/1000 

R.3E-03 

— 

— 

120.0 

0 

1A5.5 

205. A 

350.9 

0.0 

0.0 

— 

R5C-CP-3 

TCCI 

1000/1000 

1. RE-02 

— 

— 

5S.0 

0 

115. R 

293.7 

A09.5 

0.0 

0.0 

— 

•7C-CP-E 

TCCI 

1000/1000 

A.3E-02 

— 

— 

23.0 

0 

12A.1 

197.2 

321.3 

0.0 

0.0 

— 

72C-CC-3 

UCCI 

R71/R71 

3.7E-03 

— 

— 

1 AO.O 

1A0.0 

AAR. 1 

106. 1 

R52.9 

0.0 

0.0 

— 

R9C-CC-2 

UCC| 

R71/R71 

5.0E-03 

— 

— 

100.0 

100.0 

3A1.9 

317.2 

R59.1 

0.0 

0.0 

— 

7RC-CC- A 

UCCR 

R71/R71 

A.5E-03 

— 

— 

110.0 

110.0 

3A7.5 

301.3 

RAR.R 

0.0 

0.0 

— 

•OC-CC-5 

OCCI 

R71/R71 

2. RE-03 

— 

-- 

200.0 

200.0 

333.0 

300. R 

R33.R 

0.0 

0.0 

-- 

1 1 RC-CC- 1 0 

UCCI 

R71/R71 

A. IE-03 

— 

— 

100.0 

100.0 

2R3.A 

232.3 

A95.7 

0.0 

0.0 

— 

6EC-CC-1 

OCCE 

1000/1000 

A.3B-03 

— 

— 

1R0.0 

RO.O 

20R.9 

179.3 

3RR.2 

0.0 

0.0 

— 

•1C-CC-R 

UCCR 

1000/1000 

5.6B-03 

— 

— 

10.0 

90.0 

17R.R 

150.3 

32R.9 

0.0 

0.0 

— 

1 1 RC-CC-R 

OCCI 

1000/1000 

5. IE-03 

— 

— 

100.0 

100.0 

195.5 

1AR.9 

3AA.R 

0.0 

0.0 

-- 

117C-CC-9 

UCCI 

1000/1000 

5.2B-03 

— 

— 

130.0 

RO.O 

150.7 

1A1.A 

302. 1 

0.0 

0.0 

-- 

R2C-CC-7 

OCCI 

1000/1000 

A.0E-03 

— 

— 

120.0 

120.0 

155.2 

120.7 

275.9 

0.0 

0.0 

— 



LABORATORY : Til 
MATERIAL: 1EII' *0, COATED 


CREEP- 


STRAIRS 


S PEC SSUIIIlEglsiBHE- tiri_IiH!J5L_l. 


BO 

TOTiL 

11 

I» 

K__ 

IS__ 

£*_. 

77C- PE- 1 1 

1.011 

0.569 

0.442 

0.442 

0.000 

0.000 

52C-PP-7 

0.742 

0.512 

0.230 

0.230 

0.000 

0.000 

51C-PP-6 

0.672 

0.452 

0.220 

0.220 

0.000 

0.000 

5MC-PP-4 

0.410 

0.324 

0.046 > 

0.046 

o.coo 

0.000 

5SC-PP-9 

0.191 

0.145 

0.046 

0.046 

0.000 

0.000 

75C-PP-10 

0.961 

0.344 

0.573 

0.573 

0.000 

0.000 

45C-PP-3 

0.490 

0.247 

0.243 

0.243 

0.000 

0.000 

47C-PP-4 

0.343 

0.177 

0. 166 

0.166 

0.000 

0.000 

49C-PP-5 

0.225 

0.159 

0.066 

0.066 

0.000 

0.000 

43C-PP-1 

0.152 

0.101 

0.051 

0.051 

0.000 

0.000 

90C-PC-7 

1.055 

0.510 

0.545 

0.044 

0.457 

0.000 

59C-PC-4 

1.107 

0.535 

0.572 

0.114 

0.454 

0.000 

95C-PC-9 

0.435 

0.463 

0.372 

0.033 

0.339 

0.000 

61C- PC-5 

0.774 

0.440 

0.294 

0.042 

0.252 

0.000 

BBC- PC-6 

0.445 

0.331 

0. 154 

0.031 

0. 123 

0.000 

56C- PC-1 

0.419 

0.344 

0.471 

0.132 

0.339 

0.000 

5SC-PC-3 

0.541 

0.244 

0.293 

0.034 

0.255 

0.000 

96C-PC-10 

0.545 

0.249 

0.296 

0.044 

0.252 

0.000 

57C- PC- 2 

0.450 

0.242 

0.204 

0.019 

0. 149 

0.000 

93C-PC-4 

0.424 

0.257 

0.167 

0.025 

0.142 

0.000 

44C-CP-6 

1.145 

0.616 

0.529 

0.096 

0.000 

0.433 

1 1 5C-CP-1 1 

0.907 

0.533 

0.374 

0.034 

0.000 

0.340 

62C-CP-1 

0.995 

0.494 

0.497 

0.040 

0.000 

0.457 

63C-CP-5 

0.709 

0.464 

0.245 

0.035 

0.000 

0.210 

64C-CP-2 

0.490 

0.354 

0.132 

0.016 

0.000 

0.116 

1 1 3C-CP-9 

1.023 

0.364 

0.655 

0.164 

O.COO 

0.491 

66C-CP-4 

0.966 

0.354 

0.604 

0. 110 

0.000 

0.494 

85C-CP-7 

0.564 

0.244 

0. 324 

0.074 

0.000 

0.250 

65C-CP-3 

0.603 

0.244 

0.319 

0.045 

0.000 

0.274 

47C-CP-4 

0.422 

0.223 

0.199 

0.030 

0.000 

0.169 

72C-CC-3 

1.377 

0.543 

0.434 

0.125 

0.050 

0.000 

69C-CC-2 

1.005 

0.420 

0. 545 

0.099 

0.059 

0.000 

74C-CC-4 

0.917 

0.413 

0.504 

0.071 

0.045 

0.000 

40C-CC-5 

0.424 

0.404 

0.420 

0.017 

0.000 

0.013 

1 1 4C-CC- 1 0 

0.542 

0.316 

0.266 

0.050 

0.016 

0.000 

64C-CC-1 

1.135 

0.269 

0.465 

0.069 

0.060 

0.000 

81C-CC-6 

0.790 

0.224 

0.562 

0.045 

0. 133 

0.000 

116C-CC-4 

0.754 

0.239 

0.515 

0.031 

0.000 

0.026 

117C-CC- 9 

0.555 

0.210 

0.345 

0.069 

0.017 

0.000 

•2C-CC-7 

0.445 

0.191 

0.254 

0.015 

0.016 

0.000 




LARORATORI: liSt 
HATEKIAL: REN E90 


CPEEP-PATIGEE DATA (CORTIROED) 


, ORCOATED, TESTED IR III 

I IT I DITI C STRESSES 

UIIJUUIUtUU-IUillSL iUK!KillUI:UUJmKL.in 

SPEC TEST TRUP-C PESO ST RIIR -RlT| -^/S»C H3|,Q IIUzSEC TER COBP URGE IIIUAIIQE CYCLIC STRUG 

_se ngi-.igg/SQHE nz isi coat he cam mi mi mi tii senl iaebzeies-I. 


REE205 

RISC 

1000/1000 

1.0E 00 

— 

— 

0 

0 

R20.9 

920.9 

991.9 

0.0 

0.0 

REE21S 

HR SC 

1000/1000 

1.0E 00 

-- 

— 

0 

0 

370.9 

370.9 

791.9 

0.0 

0.0 

REE209 

HI SC 

1000/1000 

1.0E 00 

— 

— 

0 

0 

351.2 

359.2 

719.9 

0.0 

0.0 

REE204 

HR5C 

1000/1000 

1.0E 00 i 

— 

— 

0 

0 

20R.2 

209.2 

912.9 

0.0 

0.0 

IEE200 

CCCI 

1000/1000 

9. RE-05 


— 

0 

— 

RS7.1 

179.3 

999.9 

0.0 

0.0 

IEE219 

CCCR 

1000/1000 

7.0E-0R 

# 

— 

0 

— 

355. C 

139.0 

991.0 

0.0 

0.0 

REE213 

CCCI 

1000/1000 

9.9E-04 

— 

— 

0 

— 

321.7 

179.5 

501.2 

0.0 

0.0 

REE210 

CCCR 

1000/1000 

7.9E-03 

-- 

— 

0 

— 

193.3 

119.7 

303.0 

0.0 

0.0 

REE223 

TCCR 

1000/1000 

9. RE-05 

— 

— 

— 

0 

127.7 

905.7 

533.9 

0.0 

0.0 

IEE2 0R 

TCCR 

1000/1000 

5.4E-04 

— 

— 

— 

0 

172. ( 

391.9 

519.0 

0.0 

0.0 

REE201 

TCCR 

1000/1000 

5.5E-0R 

— 

— 

— 

0 

172.0 

279.7 

999.7 

0.0 

0.0 

REE221 

TCCR 

1000/1000 

4.2E-03 

— 

— 

— 

0 

110. « 

250.2 

390.9 

0.0 

0.0 

EEE220 

TCCR 

1000/1000 

2. 2E-02 

— 

— 

— 

0 

99.0 

225.6 

319.9 

0.0 

0.0 

IEE211 

RCCR 

1000/1000 

1. RE-03 

— 

— 

— 

— 

299.1 

299.1 

999.3 

0.0 

0.0 

IEE212 

RCCI 

1000/1000 

9.2B-04 

— 

— 

— 

— 

157.9 

135.2 

293.0 

0.0 

0.0 

IEE217 

RCCR 

1000/1000 

9.2E-03 

— 

— 

— 

— 

159.3 

112.7 

299.0 

0.0 

0.0 


SPEC 

R3 


STRAI EMESIS I HA LP- LI PE 

STRAINS 

-lALOMLJ 

PC CP 

9 PIILOIE 

CC~ 

DATA 

eailmi. 

it 

-MIA: 

IS 

cieiii 

BE 

lE-ats 

TOIA1 


IN 

PP 

19 

PEE205 

1.525 

0.959 

0.969 

0.869 

0.000 

0.000 

0.000 


42 

30 

42 

0.01 

REE215 

1.557 

0.579 

0.979 

0.979 

0.000 

0.000 

0.000 

— 

55 

27 

55 

0.01 

REE209 

0.999 

0.559 

0.931 

0.431 

0.000 

0.000 

0.000 

— 

177 

152 

202 

0.09 

REE204 

0.910 

0.321 

0.099 

0.099 

0.000 

0.000 

0.000 

— 

4990 

4990 

9229 

2.49 

REE200 

2.912 

0.509 

2. 109 

0. 222 

1.999 

0.000 

0.000 

— 

— 

— 

10 

40.75 

REE219 

1.007 

0.393 

0.924 

0. 269 

0.359 

0.000 

o.ood 

— 

-- 

— 

93 

23.53 

REE213 

0.919 

0.391 

0.525 

0.259 

0.297 

0.000 

0.000 

— 

— 

— 

130 

39.94 

REE210 

0.339 

0.237 

0. 102 

0.031 

0.071 

0.000 

0.000 

— 

— 

— 

3990 

145.00 

REE223 

1.972 

0.919 

1.059 

0.299 

0.000 

0.757 

0.000 

-- 

-- 

— 

13 

59.00 

IEE209 

1.099 

0.900 

0.699 

0. 219 

0.000 

0.490 

0.000 

— 

— 

— 

35 

17.97 

REE201 

0.927 

0.350 

0.577 

0. 195 

0.000 

0.392 

0.000 

— 

— 

— 

70 

35.93 

RIE221 

0.539 

0.291 

0.253 

0.C99 

0.000 

0. 194 

0.000 

— 

-- 

— 

419 

27.26 

REE220 

0.359 

0.295 

0. 109 

0.055 

0.000 

0.054 

0.000 

— 

— 

— 

1900 

19.95 

REE 2 1 1 

2.219 

0.391 

1.933 

0. 279 

0.000 

0.000 

1.557 

— 

— 

— 

10 

1.59 

IEE212 

0.531 

0.229 

0.303 

0.071 

0.000 

0.000 

0.232 

— 

— 

— 

191 

95.10 

REE217 

0.991 

0.211 

0.250 

0.097 

0.000 

0.000 

0.193 

— 

— 

— 

549 

19.90 



Table II-7^ 97 ^ 

CREEP-rtTIGDI DATA (CORTIHOED) 

LABORATORY : RASA 

MATERIAL: REMEEO, COATED, TESTED IR AIR 

RATE DATA 6 STRESSES 


MK-fiaUiMlfctllS-IAfcaKt 

TEST TEME-C PEEQ SliUlzlMS^/Sffi IfitBJtlllfcSIE- TER 
-III1 — T5S/£2if 12 III Efifll III Sfiflf flll__ 


SHISSSliBitlrllCS.iatBISL-ltl 

COH5 RARGE BlUS&IMfi CYCLIC STRAIB 

„B4S III III! CSS! liEBIlIES.I- 


EEE322 

ERSC 

1000/1000 

1.0E 00 

— 

— 

0 

0 

Ell. 5 

EE 1 . 5 

S63.0 

0.0 

q.o 

— 

IEE317 

EE SC 

1000/1000 

1.0E 00 

— 

— 

0 

0 

SEE. 4 

SEE. 6 

7EE.2 

0.0 

0.0 

— 

REE310 

NRSC 

1000/1000 

1.0E 00 . 

— 

— 

0 

0 

E40.E 

EE3.E 

•10. 1 

0.0 

0.0 

— 

EEE30E 

HE SC 

1000/1000 

1.0E 00 > 

— 

— 

0 

0 

375.2 

375.2 

750. E 

0.0 

0.0 

— 

REE306 

RESC 

1000/1000 

1 . OE 00 

— 

— 

0 

0 

2EE.4 

2EE.6 

557.2 

0.0 

0.0 

— 

REE300 

ERSC 

1000/1000 

1.0E 00 

— 

— 

0 

0 

23E.5 

235.5 

E7E.0 

0.0 

0.0 

-- 

REE323 

URSC 

1000/1000 

1.0E 00 

— 

— 

0 

0 

1EI.2 

1E3.2 

3E6.E 

0.0 

0.0 

— 

REE311 

HRSC 

1000/1000 

1.0B 00 

— 

— 

0 

0 

176.2 

17E.2 

356. E 

0.0 

0.0 

— 

REE312 

CCCR 

1000/1000 

5.0E-0E 

— 



0 

— 

345.4 

17S.1 

5E3.7 

0.0 

0.0 

— 

REE301 

CCCE 

1000/1000 

2.2E-03 

— 

— 

0 

— 

323.5 

172.7 

EE6.2 

0.0 

0.0 

— 

EEE303 

CCCR 

1000/1000 

3. EE-03 

— 

— 

0 

— 

23E.1 

IE. > 

318. E 

0.0 

0.0 

-- 

EEE32R 

CCCR 

1000/1000 

1.3E-01 

— 

— 

0 

— 

210.1 

77.3 

217. E 

0.0 

0.0 

— 

REE315 

TCCI 

1000/1000 

E.1E-0E 

— 

— 

— 

0 

16E.1 

353.2 

522.3 

0.0 

0.0 

-- 

REE30S 

TCCR 

1000/1000 

1. IE-03 

— 

— 

— 

0 

152. E 

3E9.5 

502.1 

0.0 

0.0 

— 

REE30R 

TCCE 

1000/1000 

1. EE-03 

— 

— 

— 

0 

100.0 

2EI.7 

3EI.7 

0.0 

0.0 

-- 

REE302 

TCCR 

1000/1000 

1. IE-03 

— 

— 

— 

0 

E0.3 

210.6 

300. E 

0.0 

0.0 

-- 

IEE30E 

ECCE 

1000/1000 

S.EE-OE 

— 

— 

— 

— 

203.1 

236. 5 

EEO.O 

0.0 

0.0 


IEE31C 

ECCR 

1000/1000 

E.EE-OE 

— 

— 

— 

— 

165. 1 

165.3 

33E.E 

0.0 

0.0 

— 

REE313 

ECCE 

1000/1000 

2. EE-03 

— 

— 

-- 

— 

115. E 

136.1 

252.0 

0.0 

0.0 

— 

EEE31E 

ECCR 

1000/1000 A .EE-02 

— 

— 

— 

— 

103. E 

1H.3 

221.7 

0.0 

0.0 

— 







Table I I -8 

CRKP-PATIGOB DITI (COm NO ID) 


LABORATORY: NASA 

HATES I AL: RERE60, COATED, TESTED IN All 


STRAINS ) PAILUNE DATA 


SPEC sii4iNM8gl§iH|if 1 iii:S_ni ( fiSSL_l 


8Q 

TOTAL 

EL 

IN 

ct 


SI 

SS 

19 

!I„_ 

15 

NP 

rr-HRS 

AEI322 

1. >17 

0.751 

1. 166 

1.166 

. 

0.000 

0.000 

0.000 


63 

26 

63 

3.31 

REE317 

1.0>1 

0.615 

0.676 

0.676 

0.000 

0.000 

0.000 

— 

6) 

6) 

6) 

3.32 

REE310 

1.3M 

0.6)7 

0.712 

0.712 

0.000 

0.000 

0.000 

-- 


5) 

>5 

3.32 

REE306 

1.101 

0.5)5 

0.516 

0.516 

0.000 

0.000 

0.000 

— 

)3 

S3 

>3 

0.03 

REE306 

o.ot 

0.665 

0.231 

0.231 

0.000 

0.000 

0.000 

— 

)) 

76 

650 

9.1) 

REE3C0 

0.515 

0.3)5 

0.130 

0.130 

0.000 

0.000 

0.000 

— 

1666 

660 

1666 

0.66 

REE323 

0.3 >7 

0.30) 

0.0)) 

0.0)) 

0.000 

0.000 

0.000 

— 

222) 

222) 

3)20 

1.36 

REE311 

0.32A 

0.27) 

0.066 

0.066 

0.000 

0.000 

0.000 

— 

671) 

6)70 

15000 

6.28 

SEE312 

2. >10 

0.626 

1 . ))6 

0.330 

1.656 

0.000 

0.000 

-- 

— 

— 

26 

13.20 

REE301 

1.007 

0.3)7 

0.620 

0.22) 

0.3)2 

0.000 

0.000 

— 

— 

— 

15) 

29.67 

REE3C3 

0.387 

0.26) 

0.13) 

0.063 

0.076 

0.000 

0.000 


— 

— 

1200 

>1. 25 

REE32R 

0.312 

0.226 

0.0)) 

0.066 

0.066 

0.000 

0.000 

— 

— 

— 

1)00 

6 . 10 

REE315 

1.36) 

0.607 

0. >62 

0.23) 

0.000 

0.726 

0.000 

— 

— 

— 

16 

6.25 

REE305 

1.022 

0.3)2 

0.630 

0.136 

0.000 

0.6)6 

0.000 

— 

— 

— 

6) 

11.5) 

REE30R 

0.631 

0.311 

0.320 

0.0)) 

O.COO 

0.232 

0.000 

-- 

— 

-- 

6 32 

63.67 

REE302 

0.337 

0.235 

0. 102 

0.05) 

0.000 

0.066 

0.000 

— 

— 

— 

3)2? 

65.65 

REE30) 

2.133 

0.363 

1.7)0 

0.362 

0.000 

0.000 

1.66) 

— 

— 

— 

11 

5.52 

REE316 

0. >M 

0.261 

0.723 

0.161 

0.000 

0.036 

0.566 

— 

— 

— 

36 

20.66 

REE313 

0.6)2 

0.1)7 

0.2)5 

0.035 

0.000 

0.000 

0.260 

— 

— 

— 

6 20 

65.23 

REE316 

0.266 

0.173 

0.0)3 

0.011 

O.COO 

0.000 

0.0)2 

— 

— 

— 

6657 

25. 92 



Table II-9^ 97 ^ 

CHEEP -FAT I GOB DATA (COITIEOED) 



* STRESS is sun or thbee relaxation periods 
*• T ERIPICATIOH TESTS 



Table 11-10 

CF1EP-FATIG0B DATA (COBTIROEDJ 


LABORATORY : RASA 
MATERIAL: IR-100, CAST 


STRAIRS 6 FAILURE DATA 


SPEC STR4II!»I£KiSltriUZI_!&I.2£§L_I EWtaEI.BillcCicfcSS 


R9 

TOIAE 

II 

. n 

tt 

_ _I£ 

£1 

U 

u 

m 

o 

El 

_ 15 

it 

£E-3!S. 

INR-2 

2.170 

0.924 

1.246 

1.246 

0.000 

0.000 

0.000 

„ 



15 

0.91 

IBM- 32 

1.351 

0.7(9 

0.542 

0.542 

0.000 

0.000 

0.000 

— 

— 

— 

50 

0.33 

1HR-3 

0.920 

0.(34 

0.242 

0.242 

0.000 

0.000 

0.000 

— 

— 

— 

96 

0.35 

IBB- 17 

1.125 

0.7 04 

0.417 

0.417 

0.000 

0.000 

0.000 

— 

— 

— 

160 

0.11 

INM-U 

0.(4 0 

0.500 

o. no 

0.140 

0.000 

0.000 

0.000 

— 

-- 

— 

300 

0. 17 

IBR-36 

0.332 

0.292 

0.040 

0.040 

0.000 

0.000 

0.000 

— 

— 

— 

40 15 

2.23 

IBR-2A 

0. 23t 

0.222 

0.014 

0.014 

0.000 

0.000 

0.000 

— 

— 

— 

51261 

23. 36 

IBB- 12 

1.201 

0.290 

0.914 

0.104 

0.000 

0.000 

0.410 

— 

— 

— 

IT 

301.50 

INB-U 

0.(50 

0.214 

0.432 

0.039 

0.019 

0.000 

0.374 

— 

— 

-- 

102 

203.37 

IBM-19 

0.402 

0.254 

0. 144 

0.045 

0.000 

0.00 0 

0.099 

— 

— 

— 

440 

73. 33 

IB B- 99 

2.300 

0.(43 

1.(57 

0.3(9 

0.000 

1.244 

0.000 

( 

6 

e 

5 

6.09 

1BH-1 1 

0.499 

0.445 

0.414 

0.142 

0.000 

0.232 

0.000 

— 

-- 

-- 

60 

163.92 

IHR-9 

0.414 

0.320 

0.094 

0.047 

0.000 

0.047 

0.000 

— 

— 

— 

1100 

159.32 

IHB-74 

1.324 

0.441 

0.(43 

0.207 

0.436 

0.000 

0.000 

19 

20 

20 

22 

12.02 

IRB-13 

0.577 

0.399 

0. 174 

0.076 

0 . 102 

0.000 

o.coo 

— 

— 

— 

139 

47.31 

IBR-15 

0.450 

0.352 

0.094 

0.034 

0.064 

0.000 

0.000 

— 

— 

— 

332 

129.11 

IBB- 73** 

1.(25 

0.423 

0.402 

0.677 

0. 107 

0.000 

0.014 

— 

— 

— 

17 

1.73 

IBR-72** 

0.122 

0.4(5 

0.357 

0.219 

0.105 

0.000 

0.033 

— 

— 

— 

44 

4.40 

IBR-47** 

0.517 

0.3S0 

0.127 

0.054 

0.043 

0.000 

0.030 

— 

— 

— 

454 

47.11 

IBB- 75** 

1.502 

0.(57 

0.445 

0.724 

0.000 

0.099 

0.022 

— 

— 

— 

15 

1.55 

IBB- 64** 

0.1(6 

0.540 

0. 326 

0. 141 

0.000 

0.132 

0.013 

— 



79 

7.97 

IBB- 64** 

0.505 

0.347 

0. 114 

0.053 

0.000 

0.044 

0.021 

— 

— 

— 

1400 

140.00 


*♦ Y ER1FIC1TIOR TESTS 



TabTe 1 1 - 1 1 ^ 97 ^ 

LABORATORY : OREIA CREEP-FATIGUE DATA (COETIROED) 

RATER1AL: IE-100, COATED 

■ATI DATA t STRESSES 


UIIJillilUlUlILliliDISL SIIISHSilUl:LIU.!SL!IHLI» 

SPEC TEST TEEP-C FREQ STE AII -EATE-E/SEC BQM UllzSiS- **» COBP 1AEGE .IIUIIHBE. CICLIC STRAIB 

_|0 JIII..IHZCM Hi TEE COEP III £0» (H 1|I„_I1I III CQ|I___i|EBI8I1S.I. 


7 

ERSC 

900/900 

5. OB 00 

— 

— 

0 

0 

515.0 

515.0 

1030.0 

0.0 

0.0 

— 

A 

■RSC 

900/900 

5.01 00 

— 

— 

0 

0 

479.5 

479.5 

959.0 

0.0 

0.0 

— 

1 

RISC 

900/900 

S.OE 00 

— 

— 

0 

0 

445.0 

445.0 

• 90.0 

0.0 

0.0 

— 

2 

■RSC 

900/900 

5.0E 00 

— 

— 

0 

0 

411.0 

411.0 

• 22.0 

0.0 

0.0 

-- 

3 

ERSC 

900/900 

1.0E 01 

4 

— 

0 

0 

371.5 

371.5 

753.0 

0.0 

0.0 

— 

4 

BISC 

900/900 

1.0E 01 

3 

— 

0 

0 

342.5 

342.5 

115.0 

0.0 

0.0 

-- 

5 

HRSC 

900/900 

t.OE 01 

— 

— 

0 

0 

301.0 

301.0 

111.0 

0.0 

0.0 

— 

1C 

■RSC 

900/900 

1.0E 01 

— 

— 

0 

0 

217.5 

217.5 

575.0 

0.0 

o.c 

-- 

• 

RRSC 

500/900 

1.0E 01 

— 

— 

0 

0 

301.0 

301.0 

111.0 

0.0 

0.0 

— 

11 

■ RSC 

500/900 

1.01 01 

— 

— 

0 

0 

217.5 

217.5 

575.0 

0.0 

0.0 

-- 

24 

HRSC 

1000/1000 

5.0E 00 

— 

— 

0 

0 

301.0 

301.0 

611.0 

0.0 

0.0 

— 

51 

HRSC 

1000/1000 

5.0| 00 

— 

— 

0 

0 

274.0 

274.0 

541.0 

0.0 

0.0 

-- 

25 

HRSC 

1000/1000 

5.0E 00 

— 

— 

0 

0 

240.0 

240.0 

410.0 

0.0 

0.0 

— 

21 

HRSC 

1000/1000 

5.0E 00 

— 

— 

0 

0 

205.5 

205.5 

411.0 

0.0 

0.0 

-- 

E12 

CHSC 

900/900 

3.0E-03 

*.51-02 

4.51-02 

— 

300.0 

512.0 

295.0 

•07.0 

0.0 

54.0 

-i.00 

E 10 

CHSC 

900/900 

3.0E-03 

3.31-02 

3.31-02 

— 

300.0 

420.0 

252.0 

472.0 

c.o 

32.5 

-5.00 

E) 

CHSC 

900/900 

1.7E-02 

3.31-02 

3.31-02 

— 

30.0 

357.0 

214.0 

121.0 

0.0 

31.0 

-•.•0 

37 

CHSC 

1000/1000 

2. IE-03 

5.2E-02 

5.21-02 

— 

330.0 

334.0 

245.0 

511.0 

0.0 

76.0 

-5.50 

E13 

CHSC 

1000/1000 

3.0E-03 

4.01-02 

4.01-02 

— 

300.0 

331.0 

195.0 

531.0 

0.0 

53.0 

-*.00 

39 

THSC 

900/900 

2. IE-03 

*.21-02 

4.21-02 

330.0 

— 

302.0 

431.0 

740.0 

43.0 

0.0 

-6.50 

El 

THSC 

500/900 

3.0E-03 

3.31-02 

3.31-02 

300.0 

— 

247.0 

394.0 

641.0 

27.0 

0.0 

-*.50 

31 

THSC 

1000/1000 

2. IE-03 

5.21-02 

5.21-02 

330.0 

— 

257.0 

321.0 

513.0 

71.0 

0.0 

-*.50 

■ 31 

THSC 

1000/1000 

3.0E-03 

3.01-02 

3.01-02 

300.0 

— 

115.0 

241.0 

433.0 

41.0 

0.0 

-•.00 

E37 

THSC 

1000/1000 

3.0E-03 

2.21-02 

2.21-02 

300.0 

— 

135.0 

212.0 

347.0 

21.0 

0.0 

-3.00 

M 

TCCI 

900/900 

2. IE-03 

— 

— 

330.0 

-- 

342.4 

342.4 

194.1 

0.0 

0.0 

— 

45 

TCCR 

1000/1000 

2. IE-03 

— 

— 

330.0 

— 

171.0 

171.0 

342.0 

0.0 

0.0 

-- 

54 

ECCR 

500/500 

2. IE-03 

— 

— 

115.0 

115.0 

342.4 

342.4 

114. 1 

0.0 

0.0 

-- 

R5 

■CCI 

900/900 

1.4B-02 

— 

— 

20.0 

20.0 

416.0 

416.0 

• 32.0 

0.0 

0.0 

— 

El 

ICCR 

500/900 

2. IB-03 

— 

— 

110.0 

110.0 

312.0 

312.0 

124.0 

0.0 

0.0 

— 

54 

ECCR 

900/900 

1.7B-02 

— 

— 

15.0 

15.0 

342.4 

342.4 

614.1 

0.0 

0.0 

— 

51 

ECCR 

1000/1000 

5.5E-04 

— 

— 

• 70.0 

•70.0 

111.0 

111.0 

371.0 

0.0 

0.0 

-- 

55 

■CCI 

1000/1000 

2. IE-03 

— 

— 

115.0 

115.0 

171.0 

171.0 

342.0 

0.0 

0.0 

— 

E32 

ICC I 

1000/1000 

2. IE-02 

— 

— 

110.0 

110.0 

171.0 

171.0 

342.0 

0.0 

0.0 

— 

57 

ECCR 

1000/1000 

1.7E-02 

— 

— 

15.0 

15.0 

171.0 

171.0 

342.0 

0.0 

0.0 

— 

E3S 

ECCR 

1000/1000 

2. IE-03 

— 

— 

110.0 

110.0 

154.0 

154.0 

309.0 

0.0 

0.0 

-- 

H34 

■CCI 

1000/1000 

1.4E-02 

— 

— 

20.0 

20.0 

154.0 

154.0 

301.0 

0.0 

0.0 

— 

40 

LRSC 

900/900 

3.3E-02 

— 

— 

— 

— 

411.0 

411.0 

■ 22.0 

0.0 

0.0 

— 

24 

LRSC 

900/900 

3.3B-02 

4.51-02 

4.51-02 

— 

— 

421.0 

419.0 

145.0 

0.0 

0.0 

-1.70 

42 

IPSC 

500/500 

3.3E-02 

— 


— 

— 

342.4 

342.4 

114. 1 

0.0 

0.0 

— 

49 

LRSC 

900/900 

3.3E-02 

— 

— 

— 

— 

274.0 

274.0 

541.0 

0.0 

0.0 

-- 

33 

LRSC 

1000/1000 

3.3E-02 

4.51-02 

4.51-02 

— 

— 

295.0 

295.0 

590.0 

0.0 

0.0 

-1.50 

27 

LRSC 

1000/1000 

3.3E-02 

3.01-02 

3.01-02 

— 

— 

233.0 

219.0 

451.0 

o.e 

0.0 

-3.00 

34 

LRSC 

1000/1000 

3.3E-02 

2.01-02 

2.01-02 

— 

— 

175.0 

169.0 

344.0 

0.0 

0.0 

-*.00 



LABORATORY : OBERA 

tlAIERIAL: IB-100, COATED 


Table 11-12 

CREEP-FATIGUE DATA (CORTIIUED) 


STRAUS e FAILURE DATA 


spec ! EillBIE-BmrCicus., 


& 3 _ 

TOTAL 

gL 

IiL 

EE 

PC 

CF 

cc 

12 

El _ 

E § 

IIP 

Ij-ngs 

7 

0.771 

0.643 

0 . 129 

0 . 129 

0.000 

0.000 

0.000 




635 

0.04 

A 

0.720 

0.600 

0.121 

0 . 121 

0.000 

0.000 

0.000 

— 

— 

-- 

900 

0.05 

1 

0.694 

0.556 

0.136 

0 . 138 

0.000 

0.000 

0.000 

— 

-- 

— 

1260 

0.07 

2 

0.600 

0.513 

0.066 

0.066 

0.000 

0.000 

0.000 

— 

— 

— 

2120 

0.12 

3 

0.530 

0.470 

0.059 

0.059 

0.000 

0.000 

0.000 

— 

— 

— 

3670 

0.10 

* 

0.476 

0.426 

0.056 

0.050 

0.000 

0.000 

0.000 

— 

-- 

— 

9460 

0.26 

5 

0.416 

0.365 

0.031 

0.031 

0.000 

0.000 

0.000 

— 

-- 

— 

12210 

0.34 

10 

0 . 3(5 

0.359 

0.026 

0.026 

0.000 

0.000 

0.000 

— 

— 

— 

17340 

0.46 

• 

0.413 

0.385 

0.026 

0.026 

0.000 

0.000 

0.000 

— 

-- 

— 

27260 

0.76 

11 

0.372 

0.359 

0.014 

0.014 

0.000 

0.000 

0.000 

— 

— 

— 

46320 

1.34 

21 

0.571 

0.419 

0 . 152 

0. 152 

0.000 

0.000 

0.000 

— 

-- 

— 

520 

0.03 

56 

0.468 

0.372 

0.095 

0.095 

0.000 

0.000 

0.000 

— 

-- 

— 

1520 

0.08 

25 

0.371 

0.326 

0.045 

0.045 

0.000 

0.000 

0.000 

— 

-- 

— 

5450 

0.30 

26 

0.297 

0.279 

0 . 016 

0.016 

0.000 

0.000 

0.000 

— 

-- 

-- 

24360 

1.35 

R 12 

0.700 

0.504 

0.196 

0.055 

0.096 

o.coo 

0.041 

— 

235 

167 

250 

23.00 

■ 10 

0.525 

0.420 

0. 105 

0.010 

0.025 

0.000 

0.070 

— 

744 

738 

764 

70.00 

■9 

0.490 

0.366 

0.102 

0.011 

0.020 

0.000 

0.071 

— 

910 

(66 

944 

15.70 

37 

0 . 7*5 

0.395 

0 . 3 S 0 

0.200 

0 . 0(5 

0.000 

0.105 

— 

-- 

— 

107 

10.70 

■ 13 

0.616 

0.361 

0.255 

0.077 

0.107 

0.000 

0.072 

— 

253 

234 

266 

24.60 

39 

0.642 

0.462 

0.160 

0.056 

0.000 

0.045 

0.079 

— 

190 

194 

239 

23.90 

■8 

0 . 4*0 

0.400 

0.060 

0.006 

C .000 

0.010 

0.062 

— 

— 

1110 

1495 

137.00 

36 

0 . 7 ** 

0.396 

0.392 

0.210 

0.000 

0 . 0(2 

0.100 

— 

57 

46 

64 

6.40 

■36 

0.474 

0.294 

0 . 160 

0.054 

0.000 

0.036 

0.066 

— 

172 

196 

243 

22.30 

■37 

0.332 

0.236 

0.096 

0.050 

0.021 

0.000 

0.025 

— 

500 

560 

670 

60.00 

44 

0 . 57 * 

0.426 

0. 150 

0.034 

0.000 

0.030 

0.086 

— 

-- 

— 

115 

11.60 

45 

0.376 

0.232 

0 . 146 

0.024 

0.000 

0.022 

0.100 

— 

-- 

100 

111 

11 . 10 

51 

0.686 

0.426 

0.256 

0.090 

0.000 

0.000 

0.166 

— 

-- 

136 

159 

15.90 

■5 

0.715 

0.520 

0.245 

0.065 

0.000 

0.000 

0.160 

— 

— 

— 

200 

3.(9 

■6 

0.555 

0.390 

0.165 

0.032 

0.000 

0.000 

0.133 

— 

— 

266 

294 

29.40 

56 

0.592 

0.426 

0 . 164 

0.054 

0.000 

0.000 

0.110 

— 

— 

300 

33 * 

5.60 

51 

0.776 

0.256 

0.520 

0 . 110 

0.000 

0.000 

0.410 

— 

— 

17 

24 

12.00 

55 

0.406 

0.233 

0. 175 

0.044 

0.000 

0.000 

0.131 

— 

— 

225 

263 

2.63 

■32 

0.406 

0.234 

0 . 172 

0.036 

0.000 

0.000 

0.136 

-- 

-- 

505 

566 

M . 50 

57 

0.344 

0.233 

0 . Ill 

0.023 

0.000 

0.000 

0 . 0(6 

— 

— 

720 

800 

13.30 

>35 

0.325 

0.210 

0.136 

0.017 

0.000 

0.000 

0.121 

— 

— 

790 

954 

103.40 

■34 

0.279 

0.210 

0.078 

0.011 

0.000 

0.000 

0.067 

— 

-- 

3040 

3109 

60.40 

40 

0.666 

0.514 

0.174 

0.106 

0.000 

0.000 

0.066 

— 

— 

290 

299 

2.50 

24 

0.664 

0.526 

0.156 

0.066 

0.000 

0.000 

0.090 

— 

260 

270 

300 

2.50 

42 

0.510 

0.426 

0.062 

0.029 

0.000 

0.000 

0.053 

— 

— 

— 

1130 

9.40 

49 

0.364 

0 . 342 

0.042 

0.009 

0.000 

0.000 

0.033 

— 

— 

-- 

4014 

33.45 

33 

0.700 

0.400 

0.300 

0.225 

0.000 

0.000 

0.075 

— 

269 

255 

275 

2.30 

27 

0.447 

0.307 

0.140 

0.070 

0.000 

0.000 

0.070 

— 

— 

— 

■ 50 

7.10 

34 

0.300 

0.234 

0.066 

0.013 

0.000 

0.000 

0.053 

— 

2290 

2220 

2520 

21.00 



TABLE 11-13 


UNCOATED RENE 80 TESTED IN AIR AT 1000C (U of C) 




[%] 

C%3 

[MPa] 

[MPa] 

[MPa] 

[sec] 

[hours] 





Hoi ding 

Maximum 

Minimum 



Test Type 

Specimen # 

6 T 

E . 

in 

Stress 

Stress 

Stress 

Hold Time N^ 

t f 

TCCR 

GR-1 

0.927 

0.597 

172.0 

172.0 

299.0 

varied 130 

16.56 

TCCR 

GR-2 

0.927 

0.597 

172.0 

172.0 

299.0 

varied interrupted at: 








N = 7 

t = 3.: 

TCCR 

GR-3 

0.927 

0.597 

172.0 

172.0 

299.0 

varied interrupted at 








N - 27 

t = 7.: 

Strain Hold 

GR-4 

0.927 

0.671 

- 

243.4 

297.3 

390 160 

17.33 

Continuous 









Cycl ing 

GR-5 

0.927 

0.561 

“ 

243.4 

252.5 

260 

4.33 

Spectrum 


[MPa] 

[hours] 

[hours] 

m 

[%] 

[5/hour] 


Creep-Rupture GR-6 

Stress 

*0 

t f 

e o 

Ef 





89.0 

0 

5 

0.0658 

0.1152 

9.88 x 10" J 




110.4 

5 

10 

0.1341 

0.2098 

1.51 x 10' 2 




129.3 

10 

20.08 

0.2304 

0.3538 

1 .22 x 10' 2 




172.4 

20.08 

25.08 

0.4196 

1.1313 

1.42 x 10" 1 




TABLE III 


Failure Criterion for Rene 1 80 Tested in Air at 1000C (NASA) 



Specimen # 

■HKBi 

■ 

■ 


K' f /S‘A ,1/2 



Ree 205 

420.9 

42 

0.79 x 10® 

| C 

Uncoated 

Ree 215 

370.9 

55 

0.66 x 10° 

x = 1 .02 x 10° 

HRSC 

Ree 206* 

358.2 

202 

1 .15 x 10° 

s = 3.66 x 10° 


Ree 204* 

206.2 

9226 

1 .47 x 10° 

s/x = 0.36 


Ree 322 

481 .5 

43 

1.10 x 10® 



Ree 317* 

394.6 

69 

0.86 x 10° 

c 


Ree 310* 

440.4 

85 

1.25 x 10° 

x = 1 .03 x 10° 

Coated 

Ree 304* 

375.2 

93 

0.88 x 10° 

s = 1 .74 x 10° 

HRSC 

Ree 306* 

298.6 

650 

1 .27 x 10° 

s/x = 0.17 


Ree 300* 

239.5 

1666 

1 .05 x 10° 



Ree 323* 

198.2 

3820 

0.81 x 10° 



Ree 311* 

178.2 

15000 

1 .01 x 10° 



Ree 200 

467.1 

10 

4.83 x 10® 

c 

Uncoated 

Ree 219 

355.0 

63 

6.06 x 1 0 r 

x = 5.64 x 10° 

CCCR 

Ree 213 

321 .7 

130 

6.66 x 10° 

s = 8.70 x 10 4 


Ree 210 

183.3 

3980 

5.01 x 10° 

s/x = 0.15 


Ree 312 

365.6 


4.18 x 10® ! 

excl udingRee3T2 

Coated 

Ree 310 

323.5 

Iph 

7.81 x 10° 

x = 7.75 x 10° 

CCCR 

Ree 303 

234.1 


8.28 x 10° 

s = 5.68 x 10 4 


Ree 328 

210.1 

1 1900 

7.15 x 10° 

s/x = 0.07 




n 

K f /SA 1/2 


Uncoated 

Ree 208 


17.97 

d 

3.0 x 107 


TCCR 

Ree 201 

172.0 

35.63 

4.1 X 10 4 


i Coated 

Ree 315 

169.1 

1 5.62 

1 .49 x 10^ 


TCCR 

Ree 305 

152.9 

20.44 

1 .44 x 10 4 

1 






























TABLE IV 


Failure Criterion for INI 00 Tested in Air at 92 5C (NASA) 



Specimen # 

MPa 

Maximum 

Stress 


K' f /S'A ,1/2 




736.0 

15 

1 .74 x 10® 



INN - 32 

573.6 

50 

1.82 x 10® 

excludingINN-17 

Uncoated 

INN - 3 

483.0 

96 

1 .69 x 10° 

x * 1 .70 x 10® 

HRSC 

INN - 17 

548.7 

160 

2.93 x 10® 

s = 1.56 x 10® 


INN - 18 

385.3 

300 

1.73 x 10° 

s/x = 0.09 


INN - 36 

224.1 

4015 

1.39 x 10® 



INN - 24 

172.4 

51261 

1 .81 x 10® 


Uncoated 

INN - 74 

504.7 

22 

8.96 x 10® 

x - 1 .71 x 10® 

CCCR 

INN -13 

486.8 

139 

2.07 x 10® 

s = 7.02 x 10® 


INN - 15 

412.3 

332 

2.15 x 10® 

s/x = 0.41 





K f /SA 1/2 


Uncoated 


322.7 

6.09 

1 .57 x 10® 

x = 9.35 x loj 

TCCR 

INN - 11 

169.6 

163.92 

9.47 x 107 

s = 6.42 X 10 4 


INN - 9 

142.0 

159.32 

2.87 x 10 4 

s/x = 0.69 


126 




















SIMULATED TURBINE BLADE 



Figure 2. Steady-state temperature distribution for a simulated 
turbine blade' ' 
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Figure 3. Relationship of local behavior of corapoment to specimen 
life via low-cycle fatigue testing' 2 
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a a 




ELASTIC 




Figure 4. Idealized hysteresis loons for the four basic types of 
inelastic strainrange 


130 



Figure 5. Technique for predicting lives for complex cycles 



ENTER STRAINRANGE PARTITIONING 
LIFE RELATIONSHIPS 


APPLY INTERACTION DAMAGE RULE' 
SOLVE FOR PREDICTED LIFE. N p 


( 2 ) 


ro 


Figure 5 


Technique for predicting lives for complex cycles 



\ sustFAcCS aho P.d. of 



Figure 6. 


LCF test specimen geometry for Rene^ 80 (NASA & TRW) and 
IN 100 (NASA) 15 "' 







Figure 7. 


Figure 8. 



LCF test specimen geometry for IN 100 (ONERA)^^ 
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principal 
of inelastic 


Ae 


Ae 


Ae 


Figure 9-A. 


component 
strain range 


PP 

W 1 


pc 


cp 


Temp 

Uncoated 

Coated 

1000C 

high strain 
low strain 

high strain 
low strain 

871C 

high strain 
low strain 

high strain 
low strain 


Temp 

Uncoated 

Coated 

1000C 

high strain 
low strain 

high strain 
low strain 


high strain 

high strain 

871 C 

low strain 

low strain 


Temp 

Uncoated 

Coated 

1000C 

high strain 
low strain 

high strain 
low strain 

871 C 

high strain 
low strain 

high strain 
low strain 


Test matrix for the examination of Rene *80 specimens 
tested in vacuum (TRW) 
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principal component 
of inelastic strain range 

Temp 

Uncoated 

Coated 

Ae 

PP 

1000C 

high strain 
low strain 

high strain 
low strain 


« 



Temp 

Uncoated 

Coated 

Ae 

pc 

1000C 

high strain 

low strain 

- . ■ ■ 

high strain 
low strain 



Temp 

Uncoated 

Coated 

Ae 

cp 

1000C 

high strain 
low strain 

high strain 

low strain 

... 


Temp 

Uncoated 

Coated 

Ae 

cc 

1000C 

\ 

high strain 
low strain 

high strain 
low strain 


Figure 9-B. Te%t maxtrix for the examination of Rene 80 specimens 
tested in air (NASA) 
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principal 
of inelastic 


Ae 


Ae 


Ae 


Ae 


Figure 9-C. 


component 


strain range 

Temp 

Uncoated 

PP 

925C 

high strain 
low strain 


Temp 

Uncoated 

pc 

925C 

high strain 
low strain 


Temp 

Uncoated 

cp 

925C 

high strain 
low strain 


Temp 

Uncoated 

cc 

925C 

high strain 
low strain 


Test matrix for the examination of IN 100 specimens 
tested in air (NASA) 
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Figure 11 . 


Coated Rene 80 (TRW); 
1000C 


Fatigue test results in vacuum at 
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■0 







LONGITUDINAL INELASTIC STRAIMRAMGE LONG I TUO INAL TOTAL STKAI NRANGE 




LONGITUDINAL f AATI TIONED INELASTIC STAAINAANGE LONGITUDINAL TOTAL STAAINAANGE 




.0001 


Lanyltudlna) Partitioned Inelastic Strainranae Versus Ufa Ralatienships 
(Computed Usiny Interaction Damaye Rule, 

I 10 I0 2 I0 3 10* 105 | 0 4 

CYCLES TO FAILURE 


Figure 15. 


Rene 80 (TRW); CCCR fatigue 
1000C and 871 C for uncoated 


test results in vacuum at 
and coated specimens 
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LONGITUDINAL TOTAL ST RA INRANGE 




Figure 16. 


Rene / 80 (TRW); TCCR fatigue test results in vacuum at 
1000C and 871 C for uncoated and coated specimens 
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LONGITUDINAL PARTITIONED INELASTIC STRAINRANGE LONGITUDINAL TOTAL STRAINRANGE 






1000C and 87 1C for unc 


Figure 18 



test results in vacuum at 
and coated specimens 





LOHCITUOIHAL FAATI T IOHEO INELASTIC STAAI HAANGE LONGITUOINAL TOTAL STAAINAANGE 












Inelastic Strain Range, (%) 


Uncoated Coated 



Cycles to Failure, Nf 

Rene 80; HRSC fatigue test results in vacuum (TRW) and in 
air (NASA) at 1000C for uncoated and coated specimens 


Figure 22. 




10 ' 



Figure 23. IN 100 (NASA); Fatigue 
uncoated specimens 




1 1 iiiiii 




test results in air at 92 5C for 














Figure 25. Uncoated Rene 80 (U of C); Hysteresis loops for a TCCR 
experiment in which the effect of strain rate on stress 
response was demonstrated. The nominal holding stress 
was 172 MPa 


153 



Figure 26. Uncoated Rene 80 (U of C); Strain time and stress time 
records for the TCCR experiment in which the effect of 
strain rate on stress response was demonstrated. The 
nominal holding stress was 172 MPa. 









cn 

ui 


stress 


15 ?. 8 MPa 



Case II 



Figure 27. Uncoated Rene 80 (U of C) ; Hysteresis loops recorded for: 
Case I - a strain hold test. Case II - a tensile cyclic 
creep rupture test. Case III - a continuous cycling test 


Maximum Stress, (MPa) 



Figure 28. Maximum Stress versus Inelastic Strain Range for Rene 7 80 
tested in vacuum at 1000C (TRW) 



Maximum Stress, (MPa) 



Figure 29. 


Inelastic Strain Range, (%) 

Maximum Stress versus Inelastic Strain Range for Rene / 80 
tested in vacuum at 871 C (TRW) 



50 


o Uncoated 



Figure 30. Maximum Stress 
tested in air 





Minimum Stress Maximum Stress , (MPa) 



Figure 31 . 


Maximum and Minimum Stress versus Inelastic Strain Range 
for Rene 80 tested in air at 1000C (NASA) 









Figure 33. Uncoated Rene 80 (U of C); Hysteresis loops recorded for 
the TCCR test designated GR-1 
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Figure 35. Coated Rene^ 80 (NASA); Segment of the strain- time record 
for the TCCR test designated Ree 305 













Figure 36. Uncoated Rene 7 80 (NASA); Segment of the strain-time 
record for the TCCR test designated Ree 208 









T 



20 25 30 35 

e Number 

Number for TCCR test Ree 208 
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Hold Time, (min) 



Figure 40. Hold Time versus Elapsed Time for TCCR test Ree 208 
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%QQ 500 600 700 800 900 1000 1100 

Elapsed Time, (min) 


Figure 41. 8 versus Cycle Number and 8 versus Elapsed Time for the 

Eq. [17] representation of inelastic strain in TCCR test 
Ree 208 
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o 




Figure 42. m versus Cycle Number and m versus Elapsed Time for the 
Eq. [17] representation of inelastic strain in TCCR test 
Ree 208 




Average Strain Rate, (%/sec) 


i 



Figure 43. Average Strain Rate versus Nominal Stress for uncoated 
Rene 80 tested in vacuum at 1000C (TRW) 
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Average Strain Rate, (%/sec) 



1 11 i » i » i » _ i » i 

20 100 400 

Nominal Holding Stress, (MPa) 


Figure 44. Average Strain Rate versus Mominal Stress for coated Rene 
80 tested in vacuum at 1000C (TRW) 
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Average Strain Rate, (%/sec) 





Figure 45. Average Strain Rate versus Nominal Stress for uncoated 
Rene' 80 tested in vacuum at 871 C (TRW) 
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Average Strain Rate, (%/sec) 



Figure 46. Average Strain Rate versus Nominal stress for coated Rene / 
80 tested in vacuum at 87 1C (TRW) 

74 


1 



Average Strain Rate, (%/sec) 



Nominal Holding Stress, (MPa) 


Figure 47. Average Strain Rate versus Nominal Stress for uncoated 
Rene 80 tested in air at 1000C (NASA) 
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Average Strain Rate, (%/sec) 



Nominal Holding Stress, (MPa) 


Figure 48. Average Strain Rate versus Nominal Stress for coated Rene^ 
80 tested in air at 1000C (NASA) 
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Average Strain Rate, (%/sec) 



Figure 49. Average Strain Rate versus Nominal Stress for uncoated IN 
TOO tested in air at 925C (NASA) 





Figure 50. Rene 80 (NASA & TRW); untested mi c restructure from the 
head of a specimen. The arrow head indicates the radial 
direction. 
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Figure 51 



Rene' r 80 (NASA A TRW); untested microstructure from the 
head of a specimen. 
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A3-0S B3-OS 

Figure 55. Uncoated Rene' 60 (TRW); HRSC test In vacuum at 1000C. 

A. 7U-PP-6 : PP = 0.296%, N f = 2,298, t f = 0.60 hr.. 

Maximum Tensile Stress =191.0 MPa. 

B. 8U-PP-7: PP = 0.078%, N f = 22,115, t, = 5.90 hr.. 

Maximum Tensile Stress =117.2 MPa. 
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A1-DS 


B1-DS 



A2-DS B2-DS 

Figure 56. Uncoated Rene* 80 (TRW); HRSC test In vacuum at 1000C. 

A. 7U-PP-6: PP - 0.296%, N f = 2,298, t f - 0.60 hr., 

Maximum Tensile Stress =191.0 MPa. 

B. 8U-PP-7 : PP •= 0.078%, N f = 22,115, t f = r.90 hr., 

Maximum Tensile Stress =117.2 MPa. 
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B3-DS 

Uncoated Rene 80 (TRW); CCCR test In vacuum at 1000C. 

A. 89U-PC-11 : PP = 0.048%, PC « 0.271, N f « 187, t f ■ 

4.90 hr., Maximum Tensile Stress * 270.3 MPa. 

B. 23U-PC-6: PP - 0.015%, PC = 0.194%, N f * 9810, t f 

15.90 hr., Maximum Tensile Stress * 176.5 MPa. 


185 



B3-DS 

Uncoated Rene’ 80 (TRW); TCCR test In vacuum at 1000C 

A. 111U-CP-10: PP = 0.178%, CP « 0.533%, N f , t f « 

hr.. Maximum Tensile Stress * 128.2 MPa. 

B. 17U-CP-4: PP « 0.030%, CP - 0.210%, N f - 1385, 

8.60 hr.. Maximum Tensile Stress * 80.0 MPa. 


Figure 58 





2-DS 4-DS 

Figure 59. Uncoated Rene" 80 (TRW); TCCR test In vacuum at 1000C. 

A. 111U-CP-10: PP * 0.178%, CP = 0.553%, N f - 78, t f * 

1.00 hr.. Maximum Tensile Stress * 128.2 T MPa. ' 
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B3-DS 

i (TRW); CCCR test In vacuum at 1000C 
PP = 0.132%, PC = 0.339%, N- = 55, 
Maximum Tensile Stress = 348:2 MPa. 
PP = 0.025, PC = 0.142, N f - 691 , t 
Maximum Tensile Stress = 304.8 MPa. 
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A3-0S B3-IS 


Figure 62. Coated Rene* 80 (TRW); TCCR test in vacuum at 1000C. 

A. 85C-CP-7: PP = 0.074%, CP * 0.250%, N f - 134, t f - 

4.50 hr.. Maximum Tensile Stress = 145.5 MPa. 

B. 87C-CP-8: PP = 0.030%, CP = 0.169%, N f = 950, t f - 

6.20 hr.. Maximum Tensile Stress * 124.1 MPa. 
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B3-0S 

Uncoated Rene 80 (TRW); HRSC test In vacuum at 871C. 

A. 21U-PP-8: PP = 0.322%, N- = 642, t f = 0.20 hr.. 

Maximum Tensile Stress * 417.2 MPa. 1 

B. 42U-PP-11 : PP = 0.051%, N f = 21,620, t f * 58.50 hr 

Maximum Tensile Stress = 162.1 MPa. 




A3-0S B3-0S 


Figure 64. Uncoated Rene 80 (TRW); CCCR test In vacuum at 871 C. 

A. 92U-PC-13: PP = 0.094%, PC = 0.460%, N f = 41 , t f = 

1.10 hr.. Maximum Tensile Stress * 553.7 MPa. 

B. 29U -PC-10: PP = 0.040%, PC = 0.164%, N f = 1415, t f = 

7.40 hr.. Maximum Tensile Stress = 168.3 MPa. 
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Uncoated Ren^ 80 (TRW); CCCR test In vacuum at 871 C 
A. 92U-PC-13: PP * 0.094%, PC = 0.460%, N f * 41 , 

1.10 hr.. Maximum Tensile Stress = 553.7 MPa. 







A3-DS B3-DS 

Figure 67. Uncoated Rene 80 (TRW); TCCR test In vacuum at 871C. 

A. 112U-CP-11 : PP = 0.077%, CP = 0.308%, N f = 101, t f = 

1.80 hr., Maximum Tensile Stress * 284.8 T MPa. 

B. 30U0-CP-1 1 : PP = 0.035%, CP = 0.254%, N f = 193, t f = 

1.30 hr., Maximum Tensile Stress - 251 MPa. 
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Coated Rene 80 (TRW); HRSC test In vaccum at 871 C. 

A. 52C-PP-7 : PP = 0.230%, N f = 1365, t f = 0.04 hr.. 

Maximum Tensile Stress = 409.6 MPa. 

B. 54C-PP-8: PP = 0.086%, N f = 71,982, t f = 19.40 hr 

Maximum Tensile Stress = 231.0 MPa. 


Figure 68 
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2-OS 


Figure 69. Coated Ren£ 80 (TRW); CCCR test In vacuum at 871 C - 

95C-PC-9: PP * 0.033%, PC = 0.339%, N f * 126, t f * 2.80 

hr., Maximum Tensile Stress = 493.6 MPA. 
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A3-0S B3-0S 


Figure 70. Coated Rene 80 (TRW); TCCR test In vacuum at 871C. 

A. 83C-CP-5: PP * 0.035, CP * 0.2)0, N f - 455, t f - 

12.10 hr.. Maximum Tensile Stress ■ 198.0 MPa. 

B. 115C-CP-11 : PP « 0.034, CP - 0.034, N f - 77, t f « 

1.00 hr., Maximum Tensile Stress * 340.6 MPa. 
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B4-DS B3-DS 


Figure 73. Uncoated Rene 80 (NASA); CCCR test In air at 1000C. 

A. Ree 213: PP = 0.258%, PC = 0.267%, N f = 130, t f = 

36.64 hr.. Maximum Tensile Stress = 321 .7 MPa. ' 

B. Ree 210: PP = 0.031%, PC = 0.071%, Maximum Tensile 

Stress = 183.3 MPa. 
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A3-D3 B3-0S 

Figure 74. Uncoated Rene^ 80 (NASA); TCCR test In air at 1000C. 

A. Ree 223: PP = 0.299%, CP = 0.757%, N f « 13, t f - 

56.00 hr., Maximum Tensile Stress * 127.7 MPa. 

B. Ree 220: PP = 0.055%, CP * 0.054%, N f « 1600, t f » 

19.85 hr.. Maximum Tensile Stress = 89.0 MPa. 
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B4-DS B3-IS 


Figure 75. Uncoated Rene 80 (NASA); BCCR test In air at 1000C. 

A. Ree 211: PP = 0.276%, CC = 1.557%, N, » 10, t f « 

1.56 hr., Maximum Tensile stress 3 244.1 MPa. T 

B. Ree 212: PP = 0.071%, CC * 0.232%, N f * 191, t f -= 

85.10 hr., Maximum Tensile Stress * 157.8 MPa. 
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B3-DS 

Coated Rene 80 (NASA); HRSC test In air at 1000C. 

A. Ree 306: PP = 0.231%, N f = 650, t f = 0.18 hr.. 

Maximum Tensile Stress = 298.6 MPa. 

B. Ree 311: PP = 0.046%, N f = 15,000, t f = 4.28 hr 

Maximum Tensile Stress = 178.2 MPa. 







B4-IS ^ B3-FS 

Figure 77. Coated Rene' 80. (NASA); CCCR test In air at 1000C. 

A. Ree 301: PP = 0.228%, PC = 0.392%, N f = 159, t f * 

20.47 hr., Maximum Tensile Stress = 323.5 MPa. ' 

B. Ree 328: PP = 0.044%, PC = 0.044%, N f = 1900, t f = 
4.10 hr.. Maximum Tensile Stress = 210.1 MPa. T 
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S B3-DS 

Coated Rene 80 (NASA); TCCR test In air at 1000C. 

A. Ree 305: PP * 0.134%, CP =* 0.496%, N* =* 48, t 

11.6 hr.. Maximum Tensile Stress * 152.9 MPa. 

B. Ree 302: PP - 0.058%, CP = 0.044%, N f - 3928, 

45.45 hr., Maximum Tensile Stress * 90.3 MPa. 


Figure 78 
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Figure 79. 


Coated Rene' 80 (NASA); BCCR test In air at 1000C. 

A. Ree 316: PP = 0.141%, CP = 0.036%, CC = 0.546%, N 

36, t f * 20.44 hr.. Maximum Tensile Stress 169.1 M 

B. Ree 314: PP = 0.011%, CC = 0.082%, N f 4457, t f * 

25.92 hr.. Maximum Tensile Stress = m3. 4 MPa. 
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Uncoated Ren^ 80 (U of C); TCCR test In air at 1000C 
GR-1: PP * 0.272%, CP - 0.325%, N f = 130, t f * 16. 5i 
hr.. Maximum Tensile Stress = 172 MPa. 


Figure 80 








A2-DS B2-DS 


Figure 81. Uncoated Ren£ 80 (U of C); TCCR test In air at 1000C. 

A. GR-2: PR * 0.272%, CP * 0.325%, Test stopped at t * 

3.31 hr. and N * 7, Maximum Tensile Stress - 172 MPa. 

B. GR-3: PP * 0.272%, CP * 0.325% Test stopped at t = 

7.39 hr. and N = 27, Maximum Tensile Stress * 172 
MPa. 
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2-DS ' 4-DS 

Uncoated Rene 80 (U of C); strain hold test in air at 
1000C. 

GR-4: PP = 0.576%, CP - 0.095%, N f = 160, t f « 1 7'. 33 

hr., Maximum Tensile Stress = 243.36 MPa. 
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33-DS 

Uncoated IN 100 (NASA); HRSC test In air at 925C 

A. INN-17: PP = 0.417%, N f - 160, t f = 0.11 hr 
Maximum Tensile Stress = 548.7 MPi. 

B. INN-36: PP = 0.040, N f = 4015, t f * 2.23 hr 

Maximum Tensile Stress » 224.1 MpL 
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B4-DS B3-DS 

Figure 84. Uncoated IN 100 (NASA); CCCR test In air at 925C. 

A. INN-13: PP = 0.076%, PC - 0.102%, N f « 139, t. 

87.31 hr., Maximum Tensile Stress * 486.8 MPa. 

B. INN-15: PP - 0.034%, PC - 0.064%, N f - 332, t. 

129.11 hr.. Maximum tensile Stress = 412.3 MPa 






> B3-DS 

Uncoated IN 100 (NASA); TCCR test In air at 925C. 

A. INN-99: PP = 0.369%, CP = 1.288%, N f = 6, t f 

hr.. Maximum Tensile Stress = 322.7 MPa. ' 

B. INN-9: PP = 0.047%, CP * 0.047%, N f = 1100, t 

159.32 hr., Maximum Tensile Stress = 142.0 MPa 


Figure 85 
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B3-DS 

Uncoated IN 100 (WASA); BCCR test In air at 925C. 

A. INN-16: PP » 0.039%, PC - 0.019%, CC * 0.374%, N. 
102, t f * 203.37 hr.. Maximum Tensile Stress * 17 
MPa. 

B. INN-89: PP = 0.045%, CC * 0.099%, N f = 840, t f - 

78.33 hr.. Maximum Tensile Stress = 200.7 MPa. 


Figure 86 





A3-0S B3-0S 

Figure 87. Coated IN TOO (ONERA); test In air at 1000C. 

A. N-14: Creep Rupture Test, t * 10.54 hr.. Maximum 

Tensile Stress - 205.5 MPa. 

B. N-4: Pure Fatluge Test, N f » 24,278, Maximum Tensile 

Stress = 203 MPa. 
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Coated IN 100 (ONERA): test In air at 1000C. 

A. 34; PP = 0.013%, CC = 0.053%, N f = 2520, t f - 2 
hr., Maximum Tensile Stress = 175 MPa. 

B. N-32; PP = 0.036%, CC = 0.136%, N f = 568, t f * 
hr., Maximum Tensile Stress = 171.0 MPa. 


Figure 88 
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Figure 89. Mean Crack Spacing versus Total Strain Range for uncoated 
Rene 80 tested in air at 1000C (NASA) 
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C F 

Figure 90. Uncoated Rene 80 (U of C); Transmission Electron 

Microscopy of a few selected specimens tested in air at 
1000C. 
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Figure 91. Uncoated Rene 80 {U of C); Stress-time record for strain 
hold test, GR-4 (Case I). 
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Figure 93. Uncoated Rene 80 (U of C) Schematic of the stress-time 
record for the tensile cyclic creep rupture test, GR-1 
(Case II). 
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